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VI 

1 Abbreviations 
Ac acetyl 

acac acetylacetonate 

Anal.  analysis 

aq.  aqueous 

Ar aryl 

BINAP  2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 

Bn benzyl 

b.p. boiling point 

br broad 

Bu butyl 
oC degrees Celsius 

c.  concentrated 

calcd calculated 

CAN ceric ammonium nitrate 

cat. catalytic  

CD      circular dichroism 

CI chemical ionisation 

Cod  cyclooctadiene   

Conc. concentrated 

d doublet 

DMF N,N-dimethylformamide 

DMG directed metalation group 

DMSO dimethylsulfoxide 

DoM      directed ortho-metalation  

dppb 1,4-bis(diphenylphosphino)butane 

dr  diastereoisometric ratio 

e.e.      enantiomeric excess 

e.g. exempli gratia (Latin: ‘for example’) 

EI electron impact 

eq. equivalent(s) 

ES electrospray 

Et ethyl 

g gram(s) 

GS-MS gas chromatography – mass spectrometry 

hr hours 

IC50 inhibitory concentration (that is needed to kill 50% of cells in-

vitro) 
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VII 

I iso 

i.e. id est (Latin: ‘that is’) 

IR infra-red spectroscopy 

J coupling constant 

K Potassium 

KHMDS Potassium hexamethyldisilamide 

L litre 

LDA lithium diisopropylamide 

Li Lithium 

m multiplet 

M molar (concentration: 1 mol/L) 

m meta 

Me methyl 

mL millilitre(s) 

mmol millimole(s) 

mg milligram(s) 

m.p. melting point 

MS mass spectrometry 

Mol. sieves  molecular sieves 

MVK methyl vinyl ketone 

n normal 

Na Sodium 

NBS N-bromosuccinamide 

NMR nuclear magnetic resonance 

o ortho 

p para 

Ph phenyl 

ppm parts per million 

Pr propyl 

Pyr pyridine 

q quartet 

quin quintet 

R general substituent 

Rh rhodium 

rt room temperature 

s singlet 

sat. saturated 

sec secondary 
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VIII 

SEM 2-(trimethylsilyl)ethoxymethyl 

t triplet 

t tertiary 

TBS tert-butyldimethyl silyl 

Temp. temperature 

Tf trifluoromethanesulfonyl (triflic) 

THF tetrahydrofuran 

TLC thin layer chromatography 

TMEDA N,N,N’,N’-tetramethylethylenediamine 

UV ultraviolet
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2 Introduction 
2.1 Evoninic Acids 

 
2.1.1 Brief History 

Crude extracts of Tripterygium Celastraceae have been used in traditional 

Chinese remedies for many hundreds of years, notably for the treatment of 

cancers. They have also been used extensively as insecticides.1,2  Celastraceae 

plants are indigenous to many northern provinces of Africa, parts of eastern Asia 

and South America.2 The most pervasive bio-active secondary metabolites found 

in these plants are a large family of sesquiterpene alkaloids. This class of 

alkaloids has generated a substantial amount of interest to academic and 

medicinal chemists alike, largely because of their diverse and potent biological 

activity against a wide range of therapeutic targets.2  

In 1998, Takaishi described the isolation of hypoglaunine B (1) (Fig 2.1.1.1), 

along with several other related sesquiterpenes, including hypoglaunines A, C and 

D.1   
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Figure 2.1.1.1– Structure of hypoglaunine B (1) with ring labelling and numbering. 

The product was isolated from the ethyl acetate soluble fractions of methanolic 

extracts from the root bark of Triptergium hypoglaucum. The structure was found 

to contain a euonyminol sesquiterpene core comprising of an A- and B-ring 

system, in the form of an axially dimethylated trans-decalin bicycle, with a 1,3-

diaxially fused, Me2C-O bridge, constituting the tetrahydrofuranyl C-ring.2 

Additionally, it was found to contain a macrodilactone that bridged between C3 

and C15. The 1H NMR (Table 2.1.1.1) identified the structure of hypoglaunine B 

as also containing five acetyl esters, a 2-furanoyl ester and the aforementioned 

lactone bridge containing a pyridyl fragment. The 13C NMR (Table 2.1.1.2) 

provided the most vital data, allowing for the structural assignments of the 

macrocycle with respect to the other peripheral groups. Takaishi later 
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Figure 2.1.1.2 – Hypothetical degradation of hypoglaunine B (1). 

The first and only total synthesis of (±) -euonyminol was described by White in 

1997.9 More recently, Spivey has described the enantioselective 

desymmetrisation of meso-decalin diallylic alcohols,11 with the intention of 

applying this methodology to the first asymmetric synthesis of (-)-euonyminol. 

(±)-Hydroxy iso-evoninic acid (3) on the other hand, has not been isolated and 

thus no analytical data has been directly reported on this compound. However, it 

is one in a series of related esterifying residues that are found on the periphery of 

the polyhydroxy dihydroargofuran cores of Celastraceae sesquiterpenoids (Fig 

2.1.1.3).  

N
N

NN
N N

N

HO2C

O

HO2C HO2C OMe

OMe
OMe

HO2C
OH

*

HO2C HO2C

O

CO2H

OMeMeO

HO2C

HO2C

HO2C

HO2C

HO2C

CO2H

N N

HO2C

CO2H
HO

*

HO2C

CO2H

HO2C

CO2H

*(S)

(R)

(S)

N-methyl-2-pyridone-
5-carboxylic acid

trans-cinnami
c acid (Cinn)

tri-O-methyl gallic 
acid (Gal)

hydroxy iso-wilfordic 
acid

hydroxy 
iso-evoninic acid

(3)

cathic acid

evoninc acid
(4)

epi-evoninic acid
(5)

wilfordic acid hydroxy 
wilfordic acid

edulinic acid
cassinic acid

(S)

(S)
(S)

N

HO2C
CO2H

OH
**

 

Figure 2.1.1.3 – Some examples of esterifying residues found in Celastraceae natural products. 

The most widely documented residue from this family of diacids is (-)-evoninic 

acid (4). (-)-Evoninic acid was first isolated by Pailer and Libeseller in 1962,12,13 
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In 1883, Komnenos reported the first example of a 1,4-addition reaction.24 He 

described the addition of diethyl sodiomalonate 15 to diethyl ethylidene malonate 

16 (Scheme 2.2.1.1).  
Na

EtO

O

OEt

O CO2Et

EtO2C
CO2Et

CO2Et
CO2Et

EtO2C

15 16 17  

Scheme 2.2.1.1 – Komnenos’ reaction between diethyl sodiomalonate and diethylidene malonate, 

1883. 

The reaction proceeded in one-pot to exclusively yield the 1,4-addition product 

17. However, it was Michael in 1887 who refined this chemistry,25 when he 

described the base promoted addition of sodium salts of diethyl malonate 18 and 

ethyl acetoacetate 19 salts to ethyl cinnamate 20 to yield the 1,4-adducts 21  

and 22, respectively (Scheme 2.2.1.2). 

Reagents and conditions; (i) NaOEt, EtOH, 6 h, (ii) H3O+

CO2Et

EtO2C
CO2Et

Ph

CO2Et

EtO2C
Ph

CO2Et

CO2Et
CO2Et

Ph

CO2Et

Ph
CO2Et

i, ii

O
O

19 20

2018 21

22

i, ii

 

Scheme 2.2.1.2 – Michael’s reactions of sodium malonate and ethyl acetoacetate with ethyl 

cinnamate, 1887. 

As a result of this early work, there has been a substantial amount of research 

done in this area;26 which has developed and extended the protocol to accomplish 

more elaborate and advanced synthesises, to include the total synthesis of 

important natural products, such as antibiotics27 and steroids.28 The 1,4-addition 

of organometallic reagents to enones is now one of the most powerful tools for 

appending organic residues to cyclic and acyclic substrates by the formation of a 

new C-C sigma bond.29 The most widely documented are the use of 

organocopper29-31 or organozinc29,31 complexes, which have dominated the field 

for many years.  

 

2.2.2 Regiochemistry – 1,2- vs 1,4-Addition 
 

The regiochemistry of a 1,4-addition reaction (i.e. 1,2 vs. 1,4) can be dependent 

upon a range of factors, but under thermodynamic conditions the 1,4-addition 

product is favoured (cf. strengths of the C=O vs. C=C bonds). One of the 
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governing factors is the type of nucleophile participating in the reaction; which 

are normally classified as “hard” or “soft”. 23 Soft nucleophiles will usually 

undergo 1,4-addition transformations. Soft nucleophiles are neutral species or 

ones in which the charge is delocalised or diffuse. Examples include radical 

anions, sulfur-, selenide-, or tin enolates, doubly activated enolate anions (e.g. 

malonates), bis nitriles and bis sulfones. Soft nucleophiles have high energy 

HOMO’s, whereas hard nucleophiles have low energy HOMO’s.23 

 

2.3 Copper Based 1,4-Addition Reactions  
 
Most organometallic reagents are hard nucleophiles and participate in 1,2-

addition reactions. However, an important class of compounds has been 

developed which exhibit soft behaviour; these are copper based reagents. Copper 

based organometallic reagents are invariably soft and undergo 1,4-addition 

reactions. 

 
2.3.1 Organocopper Reagents 
 

There are several different types of organocopper reagents, which are used in 

synthesis for 1,4-addition reactions.23  

(1) Mono-organocopper reagents (RCu) – these are prepared by treatment of 

a Grignard or organolithium reagent with a copper salt (Scheme 

2.3.1.1).  

RM CuX RCu MX 

Scheme 2.3.1.1 – General scheme for the synthesis of mono-organocopper reagents. 

 
Additionally, they can be prepared and reacted in-situ. The wider use of 

organocopper chemistry was retarded due to the lack of reproducibility of 

results. 

 

(2) Catalytic cuprate (RM + <25 mol % CuI) – treatment of Grignard reagents 

with a catalytic amount of a copper salt (RMgX, 0.2 mol % CuI) can lead 

to a profound change in reactivity, resulting in a 1,4-addition 

transformation in place of the expected 1,2-addition (Scheme 2.3.1.2). 

Reagents and conditions; (i) MeMgBr (ii) MeMgBr, CuI

O

R

ORHO
1,2- 1,4-

 

Scheme 2.3.1.2 – Effect of adding a copper salt to a Grignard reaction. 
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The addition of additives in the reaction has led to many researchers to postulate 

variations of the mechanism to account for their role in the reaction, however 

essentially the same mechanism has been described. Yamamoto described the 

addition of a mono-organocopper reagent to BF3 .OEt2 to form a new organocopper 

species with unique properties as previously described. The BF3 acts a Lewis acid 

stabilising the Cu(III) intermediate, whilst kinetically labilising the R groups to 

subsequent reductive elimination. However, other Lewis acids (for example ZnCl2, 

TiCl4, SnCl4 etc.) have been less successful in the reaction due to the formation of 

an intractable gum with cuprates at low temperature (-78 oC).23 

 

Corey reported that TMSCl accelerated the rate of the 1,4-addition in THF solvent 

systems. He argued that TMSCl enhanced the rate of the 1,4-addition reaction, by 

increasing the selectivity of the organocuprate for the conjugated carbonyl 

compound. TMSCl “spiked” 1,4-addition reactions were also found to be more 

stereoselective. Of note is that the selectivity has at times been completely 

reversed using this additive.41 

 

Further studies into the mechanism suggested two parallel mechanisms were 

operative, differing only in the nature of the organocuprate present. Bertz argued 

that the copper species was present in two major conformers: a monomeric 26 

and a dimeric 27 species; which differ in reactivity depending on the reaction 

conditions. Several observations from this study were made (Scheme 

2.3.2.2):42  

(1) the dimeric species reacted faster than the monomeric one 

(2) the lithium species was more reactive in Et2O solvent systems 

(3) the reaction in THF was accelerated with the addition of TMSCl 

(4) both the monomeric and dimeric reaction pathways were operative   
OO Li

Cu
R

R
L

O Li

Cu
R

R

R
Cu

R

Li

OTMS OLi

R R

TMSClFAST FASTSLOW

26 27

 

Scheme 2.3.2.2 – Bertz’s postulated copper catalysed 1,4-addition reaction mechanism. 
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Reagents and conditions; (i) n-BuLi, CuI, SMe2, Et2O; (ii) PPh3, Tol

N CuPPh3

I

N
R

R

N Br N Cu

4038

i ii

39

 

Scheme 2.3.3.4 – Nilsson’s synthesis of a 2-pyridyl copper triphenylphophine complex 38 and 

subsequent aryl-coupling to iodobenzene 39, 1986. 

 
Nilsson also showed that 3-pyridyl copper reagent 41 could be selectively coupled 

with methoxyiodobenzenes 42 to form biaryls 43 (Scheme 2.3.3.5).50 

Reagents and conditions; (i) n-BuLi, CuI, SMe2, Et2O; (ii) PPh3, Tol

N
CuPPh3

I

N OMe
OMe

N
Br N

Cu

434241

i ii

 

Scheme 2.3.3.5 – Nilsson’s synthesis of a 3-pyridyl copper triphenylphophine complex and 

subsequent aryl coupling to methoxyiodobenzene, 1986. 

 
Mann reported the first 1,4-addition reaction of 3-pyridyl higher order cuprate 44 

to cyclic enone 45 to afford enones 46 and 47, albeit in low yields (20 and 10%, 

respectively) (Scheme 2.3.3.6).51  

Reagents and conditions; (i) 45, Et2O-THF (1:1), -40 oC

N

Cu(CN)Li2

S

MeO NMeO

O

RO OR

O

ORRO

R = Me, 46
       Et, 47

45

44

i

 

Scheme 2.3.3.6 – Mann’s 1,4-addition of a 3-pyridyl higher-order cuprate to enone 45 to give 

enones 46 and 47, 1998. 

 
This 3-pyridyl cuprate is ortho substituted as required in our synthesis. The low 

yields were attributed to the low stability of the enone. Addition of the same 

cuprate 44 to the more stable enone 48 gave the anti product 49 in good yield 

(80%) (Scheme 2.3.3.7). 
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Reagents and conditions; (i) 48, Et2O-THF (1:1), -40 oC

N

Cu(CN)Li2

S

MeO NMeO

O

O

anti

OTBDMS

OTBDMS

49

48

44

i

 

Scheme 2.3.3.7 – Mann’s 1,4-addition of a 3-pyridyl cyanocuprate 44 to enone 48 to afford the anti 

ketone 49 almost exclusively, 1998. 

 
Corey has also reported the preparation of 3-pyridyl cyanocuprate 50 and its 

addition to allene 51 in his synthesis of a series of potent inhibitors of 

thromboxane A2 biosynthesis.52 

N

50

C5H11

OTHP

Cu(CN)Li
C

I

CO2CH3

N
C5H11

OTHP

CO2CH3

51 52  

Scheme 2.3.3.8 – Corey’s addition of 3-pyridyl higher order cuprate 50 to allene 51, 1983. 

 
Again, this pyridyl cyanocuprate 50 is ortho substituted (as required for our 

synthesis) and gives product 52 in moderate yield (44%). 

 

To the best of our knowledge, 4-pyridyl copper complexes are unprecedented in 

the literature and there are no reports of these reagents undergoing 1,4-addition 

reactions or any other reactions. 

 

One major limitation with the employment of aryl and alkenylcuprates as 

reagents in 1,4-addition reactions is that these cuprates are relatively unreactive 

owing to the strength of the C-Cu bond.53,54 This limitation of organocuprate 

methodology is not shared by transition metal catalysed 1,4-addition reactions. 

Transition metal catalysts have revolutionised the field, avoiding the use of 

stoichiometric amounts of copper in these reactions thereby also reducing the 

environmental impact of the metal.55 A chiral ligand on the transition metal can 

also be used to induce stereoselectivity in these reactions.55 For instance, 

palladium, nickel and copper55 complexes partnered with organoaluminium,56 

organozinc,57,58 organozirconium,59 organomercury60 and organomagnesium 

(Grignard) reagents, have all shown very promising results.23  

 

A brief overview of these methods follows: 
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R = Ph 4% e.e. (S)
R = Bu 14% e.e. (S)

i

Reagents and Conditions: (i) 1.2 eq RMgCl, Li[Cu(CHIRAMT)], THF, -78 
oC

O O

R
* N H

N

Ph

Ph

H(CHIRAMT)

 

Scheme 2.3.4.3 – Lippard’s first asymmetric 1,4-addition using a copper-CHIRAMT system, 1988. 

  

Soai, in the same year, reported the first catalytic 1,4-addition of dialkyl zinc 

reagents to aliphatic enone using a novel chiral nickel catalyst.62 Unfortunately, 

he found that the reaction required a substantial amount of catalyst to achieve 

only moderate selectivities, making the reaction too expensive to be synthetically 

viable (Scheme 2.3.4.4). 

Reagents and Conditions: (i) 2.2 eq Et2Zn, Ni cat (50 mol%), Tol, -30 oC

PhPh

Et O

PhPh

O

*i

O
Ni(acac)

N
Bu Bu

Me

Ph
45% e.e.

 

Scheme 2.3.4.4 – Soai’s catalytic asymmetric 1,4-addition using a novel chiral nickel catalyst, 1988. 

  

In 1990, Lippard published a modification of his asymmetric 1,4-addition reaction 

using the copper-CHIRAMT ligand system. 63 However this time using 1.5 eq. of 

the BuMgCl, TBDPSCl and HMPA he found he could obtain enantiomeric excesses 

up to 74% (Scheme 2.3.4.5). 

i

Reagents and Conditions: (i) 1.5 eq BuMgCl, Ph2(
tBu)SiCl 

[Cu(CHIRAMT)] (3 mol%), THF/HMPA, -78 oC

O O

Bu
*

N
H
N

Ph

Ph

H(CHIRAMT)

54%, 74%e.e.

 

Scheme 2.3.4.5 – Lippard’s modified asymmetric 1,4-addition using a copper-CHIRAMT system, 

1990. 

 
These early studies resulted in an explosion of research in the area largely 

examining various chiral ligands on the copper and nickel based catalysts to effect 

asymmetric transformations with both cyclohexenone and chalcone systems 

(Figure 2.3.4.1).64-71 
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O

O

O

O

O

HS

90%, 58%e.e.
Spescha, M. et. al.

SLi N

O

iPr
71%, 72%e.e.
Pfaltz, A. et. al.

NPh
tBu

OLi

77%, 82%e.e.
Bolm, C. et. al.

OLi

NMe2

75%, 85%e.e.
Feringa, B. et. al.

(-)-DAIB N
Li

O

NH(CH2)3Si-Zeolite

80%, 91%e.e.
Sanchez, F. et. al.

47%, 90%e.e.
Soai, K. et. al.

OLi

PhMe

Bu2N

NMe2

OLi

Ph
(OC)3Cr

90%, 62%e.e.
Uemura, M. et. al.

NMe2

SLi
80%, 57%e.e.

van Koten, G. et. al.  

Figure 2.3.4.1 – Chiral ligands employed in asymmetric catalytic 1,4-addition reactions. 

Catalytic asymmetric 1,4-addition methodology was later used in the synthesis  of 

(R)-(-)-muscone. A copper-endo-(+)-MPATH ligand system promoted the 

required transformation in high yield and enantiomeric excess (Scheme 

2.3.4.6).72 

endo-(+)-MPATH
OH
HN

N

(CH3)6

O

(CH3)6

O

i

Reagents and Conditions: (i) 1.7 eq MeLi, CuI (33 mol%), 
Ligand (36 mol%), 1.0 eq THF, Tol -78 oC, 3h  

Scheme 2.3.4.6 – Tanaka’s synthesis of (R)-(-)-muscone, 1993. 

 
During the course of the aforementioned studies, several important observations 

were also made with regards to the structure of the copper complexes involved in 

these reactions. In particular, Koten isolated a copper trimer as a potential 

intermediate in the reaction (Figure 2.3.4.2).73  

S
Cu

S
Cu
S

Cu
NMe2

N
Me2

Me2N

 

Figure 2.3.4.2 – A copper(III) intermediate isolated by van Koten, 1989. 

 
Subsequent studies showed that electronic factors greatly influenced the outcome 

of these reactions relative to steric factors. The results also suggested that the 
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anchoring of the double bond to copper was probably more important for 

enantioselectivity than for the chemoselectivity in the reaction (Figure 

2.3.4.3).74 

S NMe2MgCu
R

O
I

 

Figure 2.3.4.3 – Van Koten’s proposed mode of complexation in his asymmetric 1,4-addition 

reactions, 1994. 

 
In 1994 Pfaltz made some interesting observations with regards to the effects of 

additives on this type of reaction.75 He found that the addition of both TMSCl and 

TBDPSCl resulted in lower selectivities whereas HMPA increased the yield of the 

reaction. Additionally, Grignard reagents with bromide counterions resulted in 

lower selectivities and yields relative to their chloride analogues. 

 

Several more ligand systems were subsequently reported, specifically tailored for 

specific substrates; including chiral oxazoline-phosphites,76 ferrocentyl phosphine 

oxazolines,77 diphosphines,78 phosphites,79 TADDOLs,80 bidentate phosphines,81 

amidophosphines,82 and mixed O,S- and N, S-ligands.83 All of these systems gave 

impressive yields and enantioselectivities for specific substrate systems. 

 

In 1996 Feringa introduced a novel catalytic system, using phosphorus amidite 

ligands on copper which revolutionised the area.84. He reported the 1,4-addition 

of dialkyl zinc reagents to both aliphatic and cyclic enones catalysed by a copper 

triflate-phosphoramidite system in good yields and enantioselectivities (Scheme 

2.3.4.7). 

i

Reagents and Conditions: (i) 1.5 eq Et2Zn or Bu2Zn, CuOTf (3 mol%), ligand (4 mol%), Tol, -15 oC

O O

Bu
*

or

O

PhPh
O

PhPh

Et

or
> 80% e.e. O

O P N

 

Scheme 2.3.4.7 – Feringa’s phosphoramidite/copper catalysed 1,4-addition reaction, 1996. 

 
Feringa later described the catalytic 1,4-addition of Grignard reagents to a wide 

range of unsaturated ketones using a copper-JOSIPHOS catalytic system 

(Scheme 2.3.4.8).85,86 
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i

Reagents and Conditions: (i) 1.2 eq R3MgBr, CuBr.SMe2 (5 mol%), 

Ligand (6 mol%), tBuOMe, -75 oC

O

R2R1

O

R2R1

R3

54-91% 
48-98% e.e.

Fe

PCy2

PPh2

R1 - iPr, tBuCH2, Me, nPent, 2-thienyl, 2-furyl; 

R2 - Me, nBu; R3 -  Me, Et, nPr, nBu, iPr(CH2), Ph

JOSIPHOS

 

Scheme 2.3.4.8 - Feringa’s JOSIPHOS/copper catalysed 1,4-addition of Grignard reagents to enones, 

2004. 

 
The reaction proceeded with good to exceptional enantioselectivities and proved 

to be of wide scope with regards to substrate, although aryl Grignard reagents 

continued to be more problematic. 

 

Recently, Feringa reported the catalytic 1,4-addition of Grignard reagents to 

unsaturated esters, once again using the copper-JOSIPHOS catalytic system. 

However this time the catalyst complex was pre-formed and shown to be bench 

stable (Scheme 2.3.4.9).87 

i

Reagents and Conditions: (i) 1.2 eq R3MgBr, copper catalyst (3 mol%), tBuOMe, -75 oC

O

R2R1

O

R2R1

R3

54-91% 
48-98% e.e. Fe

PCy2

P
Ph2

R1 - iPr, tBuCH2, Me, nPent, 2-furyl, Ph(CH2)n, BnOCH2, Cy, pCF3Ph, pCNPh, mFPh, mOMePh; 

R2 - OMe, OEt, OiPr, N(O)OCH2CH2; R3 -  Et, nBu, iPr(CH2)2, nPr, Ph(CH2)2, CH2=CH(CH2)2

Pre-formed Copper Catalyst

Cu Br

 

Scheme 2.3.4.9 - Feringa’s pre-formed copper catalysed 1,4-addition, 2005. 

 
A wide range of unsaturated substrates were shown to be compatible with the 

reaction, although again aryl Grignard reagents were conspicuously absent. 

 

2.4 Rhodium Catalysed 1,4-Addition Reactions 
 

In parallel with the above developments, there has been great interest in the use 

of rhodium complexes as catalysts for the 1,4-addition of aryl and vinyl boronic 

acids and related organometals to Michael acceptors. This methodology has 

attracted attention by synthetic chemists both because of its complementarity to 

the copper-based approaches, for which aryl transfer is difficult, and because of 

the high tolerance of the rhodium systems to oxygen and moisture. From an 

environmental perspective, rhodium is a relatively ‘green’ transition metal 
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Miyuara proposed a catalytic cycle in which he speculated that the key step 

involved the transmetalation of an aryl group from the boronic acid 53 to an aryl 

Rh(I) species 55 which underwent the 1,4-addition reaction to give a Rh(I) 

enolate 54. This enolate then participates in the next cycle of transmetalation 

with concomitant formation of the corresponding boron enolate 56. Hydrolysis of 

this boron enolate 56 gave rise to the final product 58 (Scheme 2.4.1.1).89  

Ar O

Rh(I).Ln

Ar-B(OH)2

Ar OB(OH)2Ar O

Ar-Rh(I).Ln

H2O

[Rh].Ln

B(OH)2L
ArB(OH)2

O

58

54

55

57
56

53

58

 

Scheme 2.4.1.1- Miyuara’s proposed catalytic cycle for 1,4-addition of arylboronic acids to enones, 

1997. 

 

Following this Hayashi described the enantioselective rhodium catalysed 1,4-

addition using (S)-BINAP as a chiral ligand on rhodium complex 59 to effect 

asymmetric induction in the reaction.90 Selectivity was achieved by blocking one 

of the two vacant sites on the key aryl Rh(I) complex by a phenyl ring on the (S)-

BINAP ligand, therefore only allowing access from the opposite face. The 

coordination of enone 60 to the rhodium complex 59 occurs via  its 2si-face as in 

complex 61 leading via migratory insertion to an S configured product 62 

(Scheme 2.4.1.2). 
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catalyst 63 was shown to be more effective than the conventional 

Rh(acac)(C2H4)2/(S)-BINAP catalytic system. This difference was exemplified in 

organotitanium rhodium-catalysed 1,4-addition reactions.94 The 1,4-addition of 

phenyltitanium triisopropoxide to cyclohexenone, using [Rh(OH)/(S)-BINAP]2 

complex as catalyst yielded the 1,4-addition product in 85% yield and 99.5% 

enantiomeric excess (Scheme 2.4.1.5). 

Reagents and conditions; (i) [Rh(OH)/S-BINAP]2, 3 mol%,

THF, H2O, 20 oC, 1 h

O
PhTi(OiPr)3

O

Ph

i

 

Scheme 2.4.1.5 - Hayashi’s enantioselective 1,4-addition of PhTi(OiPr)3 to cyclohexenone, 2002. 

31P NMR studies showed that the stoichiometric addition of the phenyl 

organotitanium reagent to the rhodium enolate (S)-BINAP derived complex 72, in 

the presence of triphenylphosphine in THF, generated two products: the 

phenylrhodium complex 73, coordinated to (S)-BINAP and triphenylphosphine, 

and the titanium enolate of the 1,4-addition product 74 which on hydrolysis gave 

ketone 75 in >99% e.e. (Scheme 2.4.1.6).  

Reagents and conditions; (i) PhTi(OiPr)3, PPh3, THF; (ii) MeOH

O

Ph

O
Rh

P

P *
Ti(OiPr)3

Rh
PP
PPh3Ph

*
O

Ph

>99 % e.e (S)
72

737574

i ii

Ph

 

Scheme 2.4.1.6 - Intermediates in the asymmetric 1,4-addition of triisopropoxyphenyl titanium to 

cyclohexenone as verified by 31P NMR by Hayashi, 2002. 

This suggested a catalytic cycle involving a two-step mechanism. The first step 

involves the insertion of the enone into the arylrhodium complex, thereby forming 

the rhodium enolate 76. The second step is the transmetalation of the enolate 

from this the rhodium complex 77 to give the corresponding titanium enolate 78 

by reaction with aryl titanium 79 with concomitant reformation of arylrhodium 

complex 76 (Scheme 2.4.1.7). 
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Reagents and conditions; (i) Rh(acac)(CO)2, 3 mol%,

aq. solvent, 100 oC, 16 h

R R'

O

R R'

OAr
ArB(OH)2

i

 
Entry Enone ArB(OH)2 DMF/H2O  

Yield/% 

Cyclohexane/H2O 

Yield/% 

MeOH/H2O 

Yield/% 

1   28 60 

74a 

96 a 

2   ---- 75 a ---- 

3   82 90 99 

4   ---- 43 a ---- 

5   90 ---- ---- 

6   84 82 86 

7   68 81 84 

8   94 ---- ---- 

a 2 equivalents of boronic acid used  

Table 2.4.2.189 – Miyaura’s 1,4-addition reactions between arylboronic acids and enones, 1997. 

 
Miyuara described a promising observation with regards to our synthetic strategy 

with the addition of ortho-methoxyphenylboronic acid, to methyl vinyl ketone 

(Table 2.4.2.1, entry 7). This reaction proceeds in high yields using a variety of 

aqueous solvent systems with an aqueous methanol solvent system seemingly 

providing the best results. Examples of electron deficient systems undergoing 

1,4-addition reactions are also described (Table 2.4.2.1, entries 5 & 8). 

However, these reactions were only shown to proceed when using DMF/H2O as 

the solvent system. Miyaura noted that there was no appreciable difference in 

efficiency between electron-withdrawing or electron-donating groups on the 

phenyl ring. However, he claimed that ortho-substituents strongly retarded the 

addition step, and therefore suggested that an excess of boronic acid, with 

respect to enone, was advantageous to achieve high yields for these substrates.  

C4H9

O

Ph

O

O

O

O

O

O

O

B(OH)2

O

B(OH)2

OMe

B(OH)2

MeO

B(OH)2

Br

PhB(OH)2

PhB(OH)2

PhB(OH)2

PhB(OH)2
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3.2 Absolute and Relative Stereochemistry of Naturally 

Occurring Hydroxy iso-Evoninic Acids 
The relative and absolute stereochemistry of hydroxy iso-evoninic acid (3) in 

hypoglaunine B (1) is not known; we plan to determine this. Since there are two 

stereogenic centres there are four possible diastereoisomers. Initially we planned 

to prepare all four isomers (Fig 3.2.1). 

N

HO2C
CO2H

OH

N

CO2H
HO2C

HO

N

HO2C
CO2H

OH

N

CO2H
HO2C

HOH H

H H

1'R*, 2'S* 1'S*, 2'R*

1'S*, 2'S*1'R*, 2'R*

 

Figure 3.2.1 – Four possible diastereoisomers of hydroxy iso-evoninic acid (3). 

It was proposed to establish the relative stereochemistry of natural hydroxy iso-

evoninic acid (3) by correlation of the 1H and 13C NMR data obtained for the 

synthetic diastereoisomers with the data published for the natural product, 

hypoglaunine B (1).1 The determination of the absolute stereochemistry of 

natural hydroxy iso-evoninic acid (3) will require correlation of optical rotation 

with natural material. The absolute stereochemistry of the synthetic material will 

be determined by anomalous-dispersion X-ray crystallography or by co-

crystallisation with a chiral amine of known absolute configuration.  
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4.1.1 Synthesis of 4-Pyridyl Boronic Acid Ester Derivatives 
 

The preparation of 4-pyridyl boronic acid derivatives was achieved using 4-

iodopyridine as the starting material, since 4-bromopyridine proved rather 

capricious. 4-Iodopyridine 99 was prepared by diazotisation of 4-aminopyridine 

followed by treatment with potassium iodide, to furnish iodide 99 in good yield 

(70%) (Scheme 4.1.1.1).115  

N

NH2

N

I

99

Reagents and conditions; (i) NaNO2; (ii) HBF4, -20 oC, sat. KI

i, ii

70%

 

Scheme 4.1.1.1 – Preparation of 4-iodopyridine 99. 

 

Treatment of iodide 99 with n-BuLi in Et2O followed by sequential addition of 

tributylborate, pinacol and acetic acid obtaining pinacol ester 100115 albeit in low 

yield (21%) (Scheme 4.1.1.2). 

N

I

N

B
OO

99 100

Reagents and conditions; (i) n-BuLi, Et2O, -60 oC; (ii) B(OBu)3; (iii) pinacol AcOH

i, ii, iii

21%

 

Scheme 4.1.1.2 – Preparation of 4-pyridyl boronic acid pinacol ester 100. 

 

Experiments probing the utility of this substrate, alongside the commercially 

available pyridyl boronic acid 101 in the rhodium catalysed 1,4-addition reaction 

were instigated.  

 

As a prelude to this, a literature reaction was repeated to ensure that the 

chemistry was reproducible in our hands. The rhodium catalysed 1,4-addition 

reaction between phenyl boronic acid and methyl crotonate was successfully 

repeated to give the desired phenyl addition product 102 in 78% yield (Table 

4.1.1.1, entry 1, pp 57).91 

 

Confident the reaction conditions were reproducible, the rhodium catalysed 1,4-

addition reaction of pyridyl boronic acid 101 and pinacol ester 100 to methyl 

crotonate was attempted (Table 4.1.1.1, entries 2 & 3, pp 57). To our 

disappointment, both cases resulted in the deboronation of the starting material 



Chapter 4                                                                                                                   Results & Discussion 

 
 
 

56 

as revealed by 1H NMR analysis: no aromatic signals were found. This may be 

explained by the fact that pyridyl borate species are readily deboronated, in the 

presence of H2O, which is a pre-requisite for the reaction (i.e. deboronation gives 

pyridine, which is volatile).90  

 

To circumvent this problem the more stable 4-pyridyl N-methyldiethanolamine 

borate 103116 species was examined. Initial attempts to prepare this substrate 

using standard protocols i.e. treatment of pyridyl boronic acid 101 with N-

methyldiethanolamine in the presence of magnesium sulfate, did not afford the 

anticipated borate 103 (Scheme 4.1.1.3).116 

N

B(OH)2

N

N
B OO

103101

Reagents and conditions; (i) N-Methyl diethanolamine, MgSO4, CH2Cl2, rt, 18 h

i

 

Scheme 4.1.1.3 – Attempted synthesis of 4-pyridyl N-methyldiethanolamine borate 103. 

 

A procedure employing a modification of the method used to prepare the pinacol 

ester 100, furnished the desired borate 103 in only 25% yield (Scheme 

4.1.1.4). 

N

I

N

N
B OO

10399

Reagents and conditions; (i) n-BuLi, Et2O, - 60 oC (ii) B(OBu)3, N-Methyl diethanolamine

i, ii

25%

 

Scheme 4.1.1.4 – Preparation of 4-pyridyl N-methyldiethanolamine borate 103. 

 

Attempted 1,4-addition of this substrate to methyl crotonate was unsuccessful. 

Deboronation of the starting material was again evident by the absence of 

aromatic signals in the 1H NMR (Table 4.1.1.1, entry 4, pp 57).  
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X X

R R'

O

B(OR)2

R R'

O

X = C or N

OMe

O

102

Reagents and conditions; (i) Rh(acac)(C2H4)2, (S)-BINAP, dioxane/H2O, 102oC

i

 
Entry Substrate ArB(OR) 2 Outcome  

 

1 

  102 in 78% 

yield  

 

2 

  no product/ 

deboronation of 

ArB(OR)2 

 

3 

  no product/ 

deboronation of 

ArB(OR)2 

 

4 

  no product/ 

deboronation of 

ArB(OR)2 

Table 4.1.1.1 – Summary of results for the 1,4-addition reactions of 4-pyridyl boronates to methyl 

crotonate. 

 

Owing to the lack of success in using 4-pyridyl boronic acid derivatives in the 1,4-

addition reaction to methyl crotonate, the preparation of a potassium 

trifluoroborate salt, as a potentially more stable analogue of 4-pyridyl boronic 

acid, was considered. These hypervalent derivatives are reported to be very 

reactive and highly resistant to deboronation and furthermore, have been shown 

to be competent substrates in rhodium catalysed 1,4-addition reactions.  

 

Preparation of the 4-pyridyl potassium trifluoroborate salt using modified 

conditions for the preparation of the analogous phenyl derivatives gave 

disappointing results.117 The reaction gave a number of unidentifiable pyridyl 

containing products as observed by 1H NMR analysis none of which could be 

assigned to that of the desired product 104 (Scheme 4.1.1.5).  

B(OH)2

O

O

N

B(OH)2
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B
N
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O O
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N
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N

Br
i, ii

N

BF3K

104

Reagents and conditions; (i) n-BuLi, THF, -78oC; (ii) B(OBu)3, aq. HKF2 

Scheme 4.1.1.5 –Attempted synthesis of 4-pyridyl potassium trifluoroborate salt 104 using a 

modifcation of Genet’s method. 

 

A modified method using 4-iodopyridine 99 as the starting material was 

attempted, but once again resulted in the formation of a number of unassignable 

products (Scheme 4.1.1.6). 

N

I

N

BF3K

99 104

Reagents and conditions; (i) n-BuLi, THF, -78oC; (ii) B(OBui)3, aq. HKF2

i, ii

 

Scheme 4.1.1.6 – Attempted synthesis of 4-pyridyl trifluoroborate potassium salt 104 from 4-

iodopyridine 99. 

 

Difficulties in preparing this substrate using standard protocols and the lack of 

literature precedent for the synthesis of this particular pyridyl salt dissuaded 

further exploration into the preparation of this substrate. 

  

In light of these results it was clear that 4-pyridylboronic acid derivatives, even 

particularly stable ones, such as the diethanolamine derivative, were unsuitable 

substrates for this reaction, principally because they deboronated too readily 

under the aqueous reaction conditions. As a result, investigations into 4-pyridyl 

metal species that were anticipated to be more stable under the reaction 

conditions were initiated. 

 

4.1.2 Synthesis of 4-Pyridyl Trialkylstannane Reagents 
 

Trialkylstannane derivatives are attractive alternatives to boronic acids in rhodium 

catalysed 1,4-addition reactions for two reasons. First, trialkylstannane 

derivatives are less susceptible to destannylation than boronic acids are to 

deboronation under aqueous conditions and thus are expected to be more stable 

under the given reaction conditions. Secondly, the proposed catalytic cycle by Oi 

(see 2.4.1 Reaction Mechanism)118 implies that the role of H2O in stannane 

1,4-addition reactions is secondary to that of the catalytic cycle, and so it is 
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N

SnBu3

N

SnBu3

BF3

N

SnBu3

i

Crude
105

FC - Flash Chromatography

FC

Reagents and conditions; (i) BF3.Et2O, Et2O, 0 oC - rt  

Scheme 4.1.2.3 – Purification by 4-pyridyl tributylstannane by the formation of a trifluoroborate 

adduct. 

 
Finally, reverse phase C18 chromatography allowed for removal of the unknown 

impurity (m/z 739) to give tributyl stannane 105 in 87% yield. 

 

With the tributyl stannane 105 in hand, the rhodium catalysed 1,4-addition 

reaction of this substrate to methyl crotonate was attempted. The first attempt 

was made using the standard conditions for phenyl boronic acids (Table 4.1.2.1, 

entry 1, pp 62). These conditions did not result in any reaction taking place.90 

Encouragingly, the starting material was recovered quantitatively, supporting the 

hypothesis that organostannane derivatives are more stable than the 

corresponding boronates to the rhodium catalysed 1,4-addition reaction 

conditions. The second attempt was made using those conditions described for 

the use of phenyl trialkyl stannanes in the reaction. Once again, no reaction was 

observed, with almost quantitative recovery of the starting material (Table 

4.1.2.1, entry 2, pp 62).  

 

Tributyl stannane derivatives are known to be significantly less reactive than their 

trimethyl stannnane analogues.97 As a prelude to the preparation of the more 

toxic 4-pyridyl trimethyl stannane 106, two rhodium catalysed 1,4-addition 

literature reactions with the corresponding phenyl tributyl- and phenyl trimethyl- 

stannanes were repeated to establish the exact magnitude of the difference in 

reactivity. The 1,4-addition of these stannanes to 4-phenylbut-3-ene-2-one 

provided us with some interesting results.97 The phenyl tributyl stannnane was 

reported to yield the desired product in <2 h in 70% yield. However, none of the 

desired 1,4-addition product (compound 107) was detected after 2 h and only 

trace amounts of the desired 1,4-adduct was detected after 24 h (Table 4.1.2.1, 

entry 3, pp 62). The phenyl trimethyl stannane was reported to yield the 

desired 1,4-addition product (compound 107) after 2 h in 92% yield; in our 

hands, a 78% yield was obtained after 2 h (Table 4.1.2.1, entry 4, pp 62). 

These results underscored the higher reactivity of trimethyl stannanes relative to 

the analogous tributyl stannane.97  
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Consequently, the preparation of the 4-pyridyl trimethyl stannane 106 was 

undertaken using the same protocol as described for the tributyl analogue 

(Scheme 4.1.2.4).126  

N

I

N

SnMe3

i, ii

99 106
Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) SnMe3Cl

80%

 

Scheme 4.1.2.4 – Preparation of 4-pyridyl trimethyl stannane 106. 

 
Problems with the purification of this substrate were also encountered. The most 

persistent problem was the presence of unreacted starting material, iodide 99. 

Several attempts were made to resolve this problem: initially reverse-phase C18 

chromatography122 was employed which had been previously successful in the 

purification of the tributyl analogue. Unfortunately, the desired product 106 co-

ran with the starting iodide 99. Fortuitously, purification was achieved by 

conventional flash chromatography in good yield (80%).  

 

With this substrate in hand, the rhodium catalysed 1,4-addition to 4-phenyl but-

3-ene-2-one was attempted. To our disappointment, none of the desired 1,4-

addition product was detected, with only quantitative recovery of starting 

material (Table 4.1.2.1, entry 5, pp 62). We subsequently resolved to perform 

the reaction at an elevated temperature (1,4-dioxane at 100 oC) (Table 4.1.2.1, 

entry 6, pp 62) and also with the addition of LiF (in the hope of promoting 

stannane nucleophilicity), however both reactions met with failure, with stannane 

106 isolated on both occasions (Table 4.1.2.1, entry 7, pp 62).127 

 

The upshot of all the aforementioned studies was that both the 4-pyridyl tributyl 

105 and trimethyl 106 stannanes were too unreactive towards the rhodium-

catalysed 1,4-addition reaction conditions and modifications thereof. These 

reagents however were more stable than the foregoing boronic acid derivatives, 

clearly indicating that a 4-pyridyl metal substrate that displayed comparable 

stability to the stannanes but higher reactivity was required.  

 

It became clear at this point that more would have to be done to activate the 

pyridyl substrates towards the reaction. It was also apparent that the 

nucleophilicity of the C4 position on the pyridine ring, (required for 

transmetallation onto the rhodium catalyst), is heavily compromised by the 

electronegativity of the para nitrogen atom in the ring. We reasoned that the 
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presence of an electron-donating group on the pyridine ring would increase the 

nucleophilicity of the C4 position and counteract the electron-withdrawing effects 

of the pyridine nitrogen. 

X
X

R1 R2

O

SnR3

R R'

O

[Rh]

X = C or N R1-R2 = See table

Ph Me

O

107  
Entry Substrate ArSnR3 Conditions Outcome  

 

1 

  Rh(acac)(C2H4)2 

(S)-BINAP 

dioxane/H2O, 102oC 

no reaction 

 

2 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

no reaction 

 

3 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

trace 

product 

after 24 h 

 

4 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

78% yield 

after 2 h, 

compound 

107 

 

5 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

no reaction 

 

6 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

dioxane/H2O, 102oC 

no reaction 

 

7 

  [Rh(cod)(MeCN)2]BF4 

3 mol%, LiF 

dioxane/H2O, 102oC 

no reaction 

Table 4.1.2.1 – Summary of results for 1,4-addition reactions of 4-pyridyl stannanes to methyl 

crotonate and/or 4-phenyl but-3-ene-2-one. 

 

4.1.3 Synthesis of 3-Substituted-4-Pyridyl Trialkystannane 
Reagents 

 

The preparation of 4-pyridyl trimethyl stannanes, containing an electron-donating 

substituent (e.g. OR) at the C3-position of the pyridine ring was considered. It 

was anticipated that the advantages of an electron donating substituent at the C3 

position would be two-fold: First, it would help to counteract the electron-

O

O

N

SnBu3

105

Ph Me

O

O

O

Ph Me

O

Ph Me

O

Ph Me

O

Ph Me

O

N

SnBu3

105

SnBu3

SnMe3

N

SnMe3

106

N

SnMe3

106

N

SnMe3
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withdrawing effects of the pyridyl nitrogen (as mentioned previously), hence 

making the molecule more nucleophilic at the C4-position. Secondly, the 

substituent could constitute a functional handle for elaboration to a carboxylic 

acid as required in the natural product target [e.g. via Pd(0) catalysed 

carbonylation of a derived triflate] (Scheme 4.1.3.1). 

N N

N

SnMe3

N

SnMe3

HO ON

O
R

R

N

ON

O
R

R Li

N

ON

O
R

R SnMe3

HOR'O

N

SnMe3

R'O

O

[O]

 

Scheme 4.1.3.1 – Strategy to synthesise a more reactive 4-pyridyl trimethylstannane reagent. 

 
As outlined in the above scheme, an electron-rich stannane in combination with 

an N-oxide derivative may further enhance the reactivity of the system by 

alleviating some of the electron withdrawing influence of the pyridyl nitrogen by 

effectively “pushing” electron density onto the nitrogen.125  

 

A survey of the literature showed that carbamate groups were excellent ortho 

directing groups and so experiments into the preparation of more reactive 

stannanes were initiated by the preparation of 3-pyridyl carbamate 109.128 The 

product was furnished by reaction of hydroxy pyridine 108 with carbamyl chloride 

in excellent yield (99%) (Scheme 4.1.3.2).128  

N N

OH O N

O

109

Reagents and conditions; (i) Et2NC(O)Cl, benzene, 80 oC

i

95%

108

 

Scheme 4.1.3.2 – Preparation of 3-pyridyl carbamate 109. 

 
The DoM of this substrate at the C4-position regioselectivity over the C2-position 

of the pyridine ring proved to be challenging since the original report failed to 

provide an experimental procedure.129,130 Initial attempts using, 1.1 equivalents 

of sec-BuLi and TMEDA at –78 oC, followed by the addition of trimethyl stannyl 

chloride were unsuccessful. Several experiments were performed with a variety of 

solvents and reagents to qualitatively establish optimum conditions for the 

reaction, where discrimination between the C2 and C4 positions on the pyridine 
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ring was sought. This finally resulted in the use of 2.2 equivalents of sec-BuLi and 

TMEDA to afford the desired stannane in excellent regiocontrol (100% C4-

substituted product). Attempts to purify the compound by reduced pressure 

distillation resulted in the decomposition of the compound to a more complex 

mixture by 1H NMR. Fortuitously, given our problems with stannane compounds, 

purification by flash chromatography furnished stannane 110 in 60% yield 

(Scheme 4.1.3.3).129,130 

N

O N

O
N

O N

O

SnMe3
i, ii

109 110

Reagents and conditions; (i) sec-BuLi, THF, -78oC; (ii) SnMe3Cl

60%

 

Scheme 4.1.3.3 – Preparation of 4-trimethylstannyl-3-diethylcarbamyl pyridine 110. 

 
Perhaps unsurprisingly, the rhodium catalysed 1,4-addition of this substrate to 

both 4-phenyl but-3-ene-2-one and methyl crotonate was unsuccessful (Table 

4.1.3.3, entries 1 & 2, pp 69).  It seems likely that the electronics of the 

system are not significantly improved relative to the parent compound (i.e. the 

unsubstituted stannane 106), hence a method to remove the carbamate 

functionality to afford the free alcohol (i.e. to give a more electron rich substrate) 

was sought. 

 

Initial attempts to remove the carbamate group by hydrolysis using sodium 

methoxide, or sodium hydroxide in H2O were unsuccessful (Table 4.1.3.1, 

entries 1 & 2).131 In both cases the stannyl functionality was found to be base-

sensitive: the required hydrolysis and the unwanted destannylation of the 

substrate occurred in one pot to give 3-hydroxy pyridine. Next, reductive removal 

of the carbamate group with LiAH4 was attempted. However, this resulted in the 

degradation of the starting material to form a number of unidentifiable products 

by 1H NMR analysis (Table 4.1.3.1, entry 3).132 Similarly, DIBAL and 

Superhydride® reductions gave disappointing results (Table 4.1.3.1, entries 4 

& 5). It was clear that the removal of carbamate functionality whilst preserving 

the stannane was not going to be possible.  
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N

O N

O
N

OH
SnMe3SnMe3

 
 

 
Entry Conditions Outcome  

1 NaOMe/MeOH no evidence of product 

2 NaOH/MeOH no evidence of product/ 

destannylation observed 

3 LiAlH4 no evidence of product 

4 LiB(C2H5)3H 

 

no evidence of product/ 

starting material recovered 

5 DIBAL 

 

no evidence of product 

Table 4.1.3.1 - Attempted removal of the carbamate group. 

 
For comparative studies, the preparation of the corresponding germanium 

analogue 111 was undertaken. This substrate was expected to be more stable to 

basic conditions than the analogous stannane (Scheme 4.1.3.4).133  

N

O N

O
N

O N

O

GeMe3

i, ii

109 111

Reagents and conditions; (i) sec-BuLi, THF, -78oC; (ii) GeMe3Br

48%

 

Scheme 4.1.3.4 – Preparation of 4-trimethylgermyl-3-diethylcarbamyl pyridine 111. 

 
Attempts to remove the carbamate group by hydrolysis using sodium hydroxide 

in MeOH were unsuccessful, although as expected no degermylation of the 

starting material was detected. 

 

Owing to the unsuccessful removal of the carbamate group from stannane 110, 

we resolved to find an alternative directing group for the lithiation step in accord 

with our strategy. Both the methyl ether 112 and the SEM ether 113 have been 

documented to successfully undergo DoM at the C4-position selectively over the 

C2-position of the pyridine ring under appropriate conditions.132 
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Both substrates were prepared by deprotonation of 3-hydroxy pyridine with NaH, 

followed by the addition of the electrophile (MeI and SEM-Cl to give products 112 

and 113, respectively) (Scheme 4.1.3.5).132,134  

N

OH

N

OR
i, ii

Reagents and conditions; (i) NaH, DMF, rt; (ii) MeI 
or (iii) SEM-Cl

R = Me, 80%, 112
    = CH2CH2SiMe3, 96%, 113

or i, iii

 

Scheme 4.1.3.5 – Preparation of methoxy pyridine 112 and SEM protected 3-hydroxy pyridine 113. 

 
DoM of methyl ether 112 using literature conditions (i.e. MeLi) proved difficult 

since the original report failed to provide an experimental procedure. The results 

of these studies are outlined below (Table 4.1.3.2).135 

 

First, we evaluated the use of MeLi in Et2O and in THF at –78 oC; disappointingly 

neither set of conditions resulted in the formation of the desired product (Table 

4.1.3.2, entries 1 & 2). The addition of TMEDA to the reactions did not resolve 

the problem (Table 4.1.3.2, entries 3 & 4).136 The TMEDA is known to prevent 

the aggregation of the lithium base by co-ordinating to the lithium, making a 

more efficient species for selective deprotonation.  

 

Following this, the lithiation conditions successful for the preparation of the 3-

pyridyl-4-trimethylcarbamyl stannnane 110 were investigated, but these also 

failed to give the desired product. Finally, given that starting material was 

recovered in all the reactions described above, the influence of temperature was 

examined next. The reaction at –40 oC was once again unsuccessful, with only the 

quantitative recovery of starting material (Table 4.1.3.2, entry 6). Subsequent 

increases in temperature by 10 oC increments revealed that the reaction at 20 oC 

gave the most promising results. The reaction in THF was unsuccessful. It 

appeared that the MeLi reacted with the solvent causing it to polymerise and the 

reaction mixture to turn black (Table 4.1.3.2, entry 7). The reaction in benzene 

did not discriminate between deprotonation at the C2 and C4 positions of the 

pyridine ring, giving a mixture of both the C2- and C4-substituted products in 

equal amounts (Table 4.1.3.2, entries 8 & 9). However, the reaction in Et2O 

was completely regioselective, exclusively affording the desired C4 stannane 114 

(75%).137 
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N

O

N

O
SnMe3

i, ii

112 114

Reagents and conditions; (i) MeLi; (ii) SnMe3Cl 
Entry Lithating  

Agent 

Solvent Temp/oC Additive Outcome  

 

1 

 

MeLi 

 

Et2O 

 

-78 oC 

 

----- 

no evidence of product 

 

2 

 

MeLi 

 

THF 

 

-78 oC 

 

----- 

no evidence of product 

 

3 

 

MeLi 

 

THF 

 

-78 oC 

 

TMEDA 

no evidence of product 

 

4 

 

MeLi 

 

Et2O 

 

-78 oC 

 

TMEDA 

no evidence of product 

 

5 

 

sec-BuLi 

 

THF 

 

-78 oC 

 

TMEDA 

no evidence of product 

 

6 

 

MeLi 

 

THF 

 

-40 oC 

 

TMEDA 

no evidence of product 

 

7 

 

MeLi 

 

THF 

 

rt  

 

----- 

no evidence of product 

 

8 

 

MeLi 

 

Et2O 

 

rt 

 

----- 

 

successful - see text 

 

9 

 

MeLi 

 

benzene 

 

rt 

 

----- 

 

successful - see text 

Table 4.1.3.2 - DoM/stannylation of 3-methoxy pyridine 112. 

 
Several conditions, including those reported in the literature i.e. using tert-BuLi 

were also attempted to achieve this transformation. Unfortunately, no evidence of 

the directed ortho-metalated product, stannane 115 was ever observed 

(Scheme 4.1.3.6).132,138  

N

OSEM

N

OSEM
SnMe3i or ii

115113

Reagents and conditions;  (i) tert-BuLi, THF, -78oC, SnMe3Cl; or (ii) 

sec-BuLi, THF, -78oC, SnMe3Cl or (iii) MeLi, Et2O, SnMe3Cl or (iv)

tert-BuLi, -78 -0 oC, THF or Et2O, SnMe3Cl

or, iii or iv

 

Scheme 4.1.3.6 - Attempted DoM/stannylation of 3-SEM protected hydroxy pyridine 113. 
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With an electron rich substrate in hand (i.e. 3-methoxy-4-trimethyl stannane 

114) we decided to test this substrate in the rhodium catalysed 1,4-addition 

reaction with both phenyl but-3-ene-2-one and methyl crotonate (Table 4.1.3.3, 

entries 3 & 4, pp 69).  

 

Analysis of the reactions after 2 h showed no observable reaction and no visible 

degradation of the starting materials. Analysis thereafter showed no significant 

changes. Addition of one equivalent of LiF to the reaction also resulted in no 

improvement.139 Subsequent examination of the crude reaction mixture by 1H 

NMR analysis revealed additional tin containing signals. This was consistent with 

the degradation of the stannane starting material. These results were 

disappointing, since it had been anticipated that this electron-rich substrate would 

be more reactive due to the increased nucleophilicity of the C4-position. Given 

these results, the preparation of further electron-rich substrates was abandoned. 

 

It was decided that an investigation into the reactivity of 3-pyridyl trimethyl 

stannane would allow us to assess the difference in reactivity between the C4 and 

C3 positions of the pyridine ring. The C3-position on the pyridine ring is 

significantly less deactivated by the pyridine nitrogen and so should display 

similar reactivity to phenyl trimethylstannane substrates; which readily undergo 

this reaction. 

 

Preparation of the 3-pyridyl trimethyl stannane 116140 was accomplished by 

treatment of 3-bromopyridine with n-BuLi at –78 oC, albeit in only 10% yield 

(Scheme 4.1.3.8). 

N

SnMe3

N

Br i, ii

116

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) SnMe3Cl

10%

 

Scheme 4.1.3.7 – Synthesis of 3-pyridyl trimethyl stannane 116. 

 
The rhodium catalysed 1,4-addition of both the 4-pyridyl and 3-pyridyl stannanes 

to 4-phenyl but-3-ene-2-one were attempted in parallel. No reaction was 

observed with either substrate after 24 h (Table 4.1.3.3, entries 5 & 6, pp 

69). 
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Ar

R R'

O

R R'

O
ArSnR3

i

Reagents and conditions; (i) [Rh(cod)(MeCN)2]BF4, THF, H2O, 60 oC 
Entry Substrate ArSnR3 Outcome  

 

1 

  no 

reaction 

 

2 

  no 

reaction 

 

3 
  no 

reaction 

 

4 

  no 

reaction 

 

5 

  no 

reaction 

 

6 

  no 

reaction 

Table 4.1.3.3 – Attempted 1,4-addition reactions of arylstannnanes to methyl crotonate  and/or 

phenyl but-3-ene-2-one. 

 
The results from these studies suggested that the lack of reactivity of the 

foregoing stannane substrates towards rhodium catalysed 1,4-addition was not 

entirely that the substrates were too electron-deficient to undergo the reaction, 

but that the lone pair on the pyridine nitrogen was interfering with the reaction 

pathway presumably as a Lewis base. To confirm this hypothesis a strategy to 

‘block’ the pyridine nitrogen was instigated.  

 

4.1.4 Protecting the Pyridine Nitrogen: Synthesis of N-
Oxide, N-Methyl salts and N-TBS Pyridinium Salts 

 

The inspiration for this strategy was based on a similar strategy employed by 

Zoltewicz who prepared the N-oxide and various methylated pyridinium salts of 4-

pyridyl tributyl stannane in his endeavours to conduct palladium-catalysed cross 

coupling reactions with pyridyl derivatives.141,142 

 

N

SnMe3

O N

O

110

Ph Me

O

N

SnMe3
O

114

N

SnMe3

106

Ph Me

O

N

SnMe3

116

O

O

O

O

Ph Me

O

Ph Me

O

N

SnMe3

O N

O

110

N

SnMe3

O

114
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Preliminary investigations began by reverting back to the mono-substituted 

pyridyl stannane 106 and preparing its N-oxide 117 by reaction with mCPBA. The 

N-oxide 117 was obtained in good yield (74%) (Scheme 4.1.4.1).126 

NN

i
SnMe3 SnMe3

O

117106
Reagents and conditions; (i) m-CPBA, CHCl3, rt, dark

74%

 

Scheme 4.1.4.1 – Synthesis of 4-pyridyl trimethyl stannane-N-oxide 117. 

 
The rhodium catalysed 1,4-addition of N-oxide 117 to methyl crotonate resulted 

in quantitative recovered of starting material (Table 4.1.4.1, entry 1, pp 71). 

This was perhaps expected since N-oxides are significantly nucleophilic at oxygen.  

 

The preparation of pyridinium salts were investigated next. The methyl iodide 

pyridinium salt 118143 was successfully prepared by reaction of the stannane 106 

with MeI in excellent yield (94%) (Scheme 4.1.4.2).141,143 

NN

SnMe3 SnMe3

I

i

118106
Reagents and conditions; (i) MeI, THF, rt

94%

 

Scheme 4.1.4.2–Synthesis of 4-pyridyl trimethylstannane methyl iodide pyridinium salt 118. 

 
Anxious to see if this substrate was the solution to our problem, the rhodium 

catalysed 1,4-addition reaction to methyl crotonate was tried (Table 4.1.4.1, 

entry 2, pp 71). There appeared to be no evidence of the product, possibly due 

to trace amounts of pyridine poisoning the rhodium catalyst. Unfortunately, there 

also appeared to be visible degradation of the starting material by crude 1H NMR 

analysis. It was thought that the iodide counterion could potentially facilitate 

destannylation of the substrate (halides having a high affinity for tin metal 

centres).  

 

Subsequently, we resolved to change the counterion from iodide to the 

tetrafluoroborate, to match the counterion of the rhodium catalyst. This was 

accomplished by reacting the methyl iodide pyridinium salt 118 with silver 

tetrafluoroborate (Scheme 4.1.4.3). 
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NN

SnMe3 SnMe3

I

i

BF4

118 119
Reagents and conditions; (i) AgBF4, Et2O, rt

92%

 

Scheme 4.1.4.3 – Synthesis of methyl tetrafluoroborate pyridinium salt 119 from the corresponding 

methyl iodide pyridinium salt 118. 

 
Isolation of the desired tetrafluoroborate pyridinium salt 119 was possible in 92% 

yield.142 The rhodium catalysed 1,4-addition of this pyridinium salt to methyl 

crotonate were subsequently attempted (Table 4.1.4.1, entries 3, pp 71). 

Unfortunately, none of the anticipated 1,4-addition product was obtained; once 

again destannylation of the starting material was evident, fuelling the hypothesis 

that the halide counterion was a problem in this reaction, (fluoride ions also have 

a high affinity for tin centres). 

 

Ar

R R'

O

R R'

O

[Rh]
ArSnR3

 
 

Entry Substrate ArSnR3 Conditions Outcome  

 

1 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

 

no reaction 

 

2 

  [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

no product/ 

degradation 

of SM 

 

3   [Rh(cod)(MeCN)2]BF4 

3 mol% 

THF/H2O, 60oC 

no product/ 

degradation 

of SM 

 

Table 4.1.4.1 - Summary of results for 1,4-addition reactions of arylstannane N-methyl pyridinium 

salts to methyl crotonate. 

 
To definitively determine whether the pyridine nitrogen was impeding the 1,4-

addition reaction, either by acting as a nucleophile/ligand on the rhodium or the 

tin centres, it was decided to ‘spike’ the literature reaction between phenyl 

trimethyl stannane and methyl crotonate97 with various pyridine derivatives and 

monitor their effects on the progress of the reaction.  

 

O

O

N

SnMe3

O

117

N

SnMe3

I

118O

O

O

O

N

SnMe3

BF4

119
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The unspiked reaction proceeded in 78% after 2 h in our hands (Table 4.1.4.2, 

entry 1, pp 73).97 The reaction doped with pyridine 120 (Table 4.1.4.2, entry 

2, pp 73) did not proceed to give the 1,4-addition product, reinforcing the idea 

that a nucleophilic pyridine nitrogen is not tolerated in the reaction. Moreover, the 

reaction spiked with the N-oxide of picoline 121 (Table 4.1.4.2, entry 3, pp 

73) was also unsuccessful: a heavy precipitate of a black solid was also observed 

after 24 h, presumably due to the degradation of the organostannane species 

and/or the rhodium catalyst. This supported the original findings that N-oxide 

117 was not the answer to the problem.  

  

N-Methyl pyridinium salts with varying counterions were evaluated as additives 

next. The iodide 122, was prepared by treating pyridine with methyl iodide. 

Reaction of this salt with sodium tetrafluoro- or tetraphenyl- borates then gave 

pyridinium salts 123 and 124, respectively (Scheme 4.1.4.4).141 

N

i

N
I

N

ii

N
BF4

I

N

iii

N
BPh4

I

124

123

122

122

122
Reagents and conditions; (i) MeI, Et2O, rt

Reagents and conditions; (ii) NaBF4, MeCN, rt

Reagents and conditions; (iii) NaBPh4, MeCN, rt

89%

90%

85%

120

 

Scheme 4.1.4.4 – Synthesis of methyl iodide 122, tetrafluoroborate 123 and tetraphenylborate 124 

pyridinium salts. 

 
The subsequent spiking reactions gave interesting results (Table 4.1.4.2). 
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73 

SnMe3

OMe

O
OMe

O

Reagents and conditions; (i) [Rh(COD)(MeCN)2]BF4, 
Additive, THF, H2O, reflux

102

i

 
Entry Additive Outcome  

 

1 

 

----- 

 

78% 

 

2 

  

no reaction 

 

3 

  

no reaction 

 

4 

 no product/ 

degradation 

of SM 

 

5 

 no product/ 

degradation 

of SM 

 

6 

  

70% 

 

7   

85% 

Table 4.1.4.2 – Summary of results for the “spiking” of the 1,4-addition of phenyl trimethyl stannane 

to methyl crotonate with various pyridine derivatives. 

 
The reactions spiked with both the methyl iodide 122 and tetrafluoroborate 123 

pyridinium salts resulted in the degradation of the starting material (Table 

4.1.4.2, entries 4 & 5, pp 73). However, we were delighted to find that the 

reaction spiked with the methyl tetraphenylborate pyridinium salt 124 resulted in 

the formation of the desired product 102 albeit in a lower yield than for the 

unspiked reaction (70% cf. 82% after 2 h)97 (Table 4.1.4.2, entry 6, pp 73).  

 

It appeared that halide based counterions were incompatible with this reaction, 

probably due to the high affinity of halide anions for tin centres. This theory was 

N
120

N
O

121

N
I

122

N -BF4

123

N -BPh4

124

N -OTs

126



 
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the desired phenyl addition product as the result of addition by the phenyl 

trimethyl stannane. 

 

Encouraged by the success of this spiking reaction the preparation of 

corresponding 4-pyridyl stananne pyridinium salt was instigated. Stannane 106 

was treated with methyl tosylate in Et2O overnight. Crude 1H NMR analysis 

showed the formation of the desired pyridinium salt 127; unfortunately, 

purification by reverse phase C18 chromatography resulted in destannylation of 

the product (pyridinium salt 126) (Scheme 4.1.4.7).141  

N N

106

SnMe3 SnMe3

OTs
N

OTs

ii

126127

Reagents and conditions; (i) MeOTs, Et2O (ii) FC

i

 

Scheme 4.1.4.7 - Attempted preparation of methyl tosylate salt 127. 

 
Following this, pyridinium salt 127 was prepared by modification of a literature 

reaction using excess methyl tosylate (which had been pre-treated with K2CO3 to 

remove any residual tosic acid). Polyvinylpyridine was used to scavenge the 

excess methyl tosylate and the product was isolated in 89% yield (Scheme 

4.1.4.8).141  

N N

SnMe3 SnMe3

OTs

127106

Reagents and conditions; (i) MeOTs, Et2O; (ii)
4-vinyl pyridine

i, ii

89%

 

Scheme 4.1.4.8 - Preparation of methyl tosylate salt 127.141 

 
Unfortunately, this salt did not undergo rhodium catalysed 1,4-addition to methyl 

crotonate although there was no degradation of the starting materials. This 

situation remained unchanged even after 48 h (Table 4.1.4.3, entry 2, pp 76).  
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Ar

R R'

O

R R'

O
ArSnR3

i

Reagents and conditions; (i) [Rh(COD)(MeCN)2]BF4, 

THF, H2O, 60 oC  
Entry Substrate ArSnR3 Outcome  

 

1 

 

  phenyl 

addition 

product 

111 

 

2 

   

------ 

Table 4.1.4.3 – Summary of results for 1,4-addition reactions of arylstannane N-methyl pyridinium 

salts to methyl crotonate. 

 
It appears that although the methyl tosylate ‘protection’ of the pyridine nitrogen 

is successful in so far as it prevents this substrate degrading under the reaction 

conditions, it renders the 4-position of the pyridyl ring unreactive towards 1,4-

addition. 

 

Having failed to induce a rhodium catalysed 1,4-addition reaction of the methyl 

tosylate pyridinium salt 127 to methyl crotonate it was decided to investigate 

stoichiometric rhodium promoted catalysed 1,4-addition reactions. This would 

eliminate any doubt that the catalytic reactions failed due to small amounts of 

‘unprotected’ pyridine being present.141 Three parallel reactions were conducted 

(Table 4.1.4.4, pp 77). First, the reaction between phenyl trimethyl stannane 

and methyl crotonate was conducted with stoichiometric rhodium. This reaction 

proceeded to give the desired phenyl addition product in excellent yield as 

expected (i.e. a stoichiometric amount of catalyst does not hinder the 1,4-

addition reaction) (Table 4.1.4.4, entry 1, pp 77). Second, the aforementioned 

reaction was spiked with one equivalent of the methyl tosylate pyridinium salt 

127. The methyl tosylate pyridinium salt 127 did not hinder the reaction, but did 

decompose under the reaction conditions (unlike when only 3 mol % of the 

rhodium catalyst was used) (Table 4.1.4.4, entry 2, pp 77). Finally, the 1,4-

addition of the methyl tosylate pyridinium salt 127 to methyl crotonate was 

preformed. For the first time, the reaction showed trace formation of the desired 

1,4-addition product by FAB-MS analysis, where the pyridyl cation of the desired 

salt was observed (Table 4.1.4.4, entry 3, pp 77). 

O

O

N

SnMe3

BPh4

125

O

O

N

SnMe3

OTs

127
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X

SnMe3

OMe

O

X

OMe

O
i

Reagents and conditions; (i) 100 mol% [Rh(COD)(MeCN)2]BF4, 

1.0eq Additive, THF, H2O, 60 oC  
Entry ArSnR3 Additive Outcome  

 

1 

 

  

------- 

phenyl addition 

product 102 

 

2 

  phenyl addition 

product 102 

 

3 

  

------- 

evidence of trace 

amounts of the 

1,4-addition 

product 

Table 4.1.4.4 – A summary of stoichiometric rhodium catalysed 1,4-addition of aryl 

trimethylstannanes to methyl crotonate. 

 
The results from the aforementioned studies suggested that counterion exchange 

between the rhodium complex 128 and the methyl tosylate pyridinium salt 127 

might be taking place as depicted in Figure 4.1.4.1. This would explain why when 

a stoichiometric amount of the rhodium catalyst was used, degradation of the 

pyridinium salt was observed (i.e. formation of the methyl tetrafluoroborate 

pyridinium salt 119 which has been previously shown to undergo destannylation 

under these conditions driving the equilibrium to the right) (Fig 4.1.4.1). 

N
OTs

[Rh(COD)(MeCN)2]BF4

SnMe3

N

SnMe3

DEGRADATIONACTIVE
CATALYST?

BF4

[Rh(COD)(MeCN)2]OTs

128

127

129
119

 

Figure 4.1.4.1 - Proposed equilibrium between rhodium complex 147 and pyridyl salt 145. 

 
However, with no insight into the position of the equilibrium it was decided to 

prepare rhodium complex 129 with the view to test this complex as a novel 

catalyst in the rhodium catalysed 1,4-addition reaction. 

 

Efforts to prepare this catalyst through a modification of the method used to 

prepare the analogous complex 128 proved difficult. Rhodium complex 130 was 

SnMe3

N

SnMe3

-OTs

127

N

SnMe3

-OTs

127

SnMe3
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N N

SnMe3 SnMe3

OTs

131114

Reagents and conditions; (i) MeOTs, Et2O; (ii)
4-vinyl pyridine

i, iiMeO MeO

95%

 
Scheme 4.1.4.10 – Preparation of methyl tosylate pyridinium salt 131. 

 
To our disappointment, the reaction of this stannane with methyl crotonate failed 

to provide the desired product, even by FAB-MS analysis (Scheme 4.1.4.11).  

N

SnMe3

OMe

O

N

OMe

Oi

Reagents and conditions; (i) 20 mol% [Rh(COD)(MeCN)2]BF4, 

THF, H2O, 60 oC

MeOMeO

OTs OTs
131

 

Scheme 4.1.4.11 – Attempted 1,4-addition of methyl tosylate pyridinium salt 131 to methyl 

crotonate. 

 
This substrate, being more electron-rich than the unsubstituted methyl tosylate 

pyridinium salt 127 (which did result in trace formation of the desired product) 

was expected to be more nucleophilic at the C4 position of the pyridine ring. 

However, perhaps the fact that the electron-donating group was in the ortho-

position relative to the stannane made the position too sterically hindered. 

 
At this juncture it was clear that finding conditions to allow the 1,4-addition of 

pyridyl metal reagents to enoates was proving more challenging than we had 

anticipated. It was apparent that the pyridine nitrogen lone pair was causing the 

reactions to fail but our strategies for negating this Lewis basic site were 

introducing additional complications either in the form of nucleophile counterions 

to salts and/or by making the pyridine ring too electron deficient to act as an 

effective nucleophile. Consequently, we decided to abandon the rhodium 

catalysed 1,4-addition strategy as a method for addition of pyridyl substrates to 

unsaturated systems. 

 

Investigations into the utility of pyridyl copper reagents in 1,4-addition reactions; 

which had already been exploited in previous work by Nilsson and Mann were 

instigated.48,49,51 
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4.2 Towards Evoninic Acid via Cuprate 1,4-Addition 
 
‘Higher order cuprates’ were chosen for initial investigation since they have been 

reported to be highly reactive in 1,4-addition transformations. Owing to the fact 

that 4-pyridyl cuprates are unprecedented in the literature, efforts to prepare a 

higher order 4-pyridyl cuprate 132, using a modification of the procedure 

described by Mann51 for his 3-pyridyl cuprate, was attempted. Subsequent 

reaction of this cuprate with methyl crotonate gave disappointing results. First, 

we were not convinced that the cuprate had formed and second, in light of the 

low mass recovery of the reaction, alongside the absence of aromatic signals in 

the 1H NMR, it was thought that perhaps pyridine was produced and thus lost 

during the course of the work-up (Scheme 4.2.1.1). 

N

I

N

O

i ii iii

N

Li

N

Cu(CN)Li2
O2

13299

Reagents and conditions; (i) n-BuLi, THF, -78oC; (ii) CuCN; (iii) Methyl crotonate 

Scheme 4.1.4.1– Attempted synthesis of a 4-pyridyl higher-order cuprate and its subsequent 

reaction with methyl crotonate. 

 
Given these results, and the fact that the original reaction reported by Mann was 

using a more complex 3-pyridyl substrate, it was decided to first attempt to 

repeat Nilssons’ 1,4-addition of the bis(2-pyridyl) Gilman cuprate 28 to ethyl 

trans-sucinamate (Scheme 4.2.1.2).48 

N Br
N

O

i, ii OC2H5

33
28

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC;

(iii) Ethyl trans-sucinamate, rt

iii

2N CuLi 80%

 

Scheme 4.1.4.2 – Synthesis of the bis(2-pyridyl) Gilman cuprate 28 and its subsequent 1,4-addition 

to ethyl trans-cinnamate. 

 
The reaction required rigorous drying of the glassware, purification of the 

reagents and rigorous exclusion of air and moisture in order to proceed 

efficiently. The 1,4-addition product, ester 33 was obtained in 80% yield (cf. lit: 

82%).48 In the absence of these precautions pyridine was formed as the major 

product.  
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N N
O

OMe

CO2H

OMe

O

Oxidation

138  
Entry Conditions Outcome 

 

1 

 

2.5 eq KMnO4, H2O, ? 147 

no product, evidence 

of hydrolysis of ester 

 

2 

 

5.0 eq KMnO4, H2O, ? 147 

no product/ 

degradation of 

starting material 

 

3 

 

CAN, 1,4-dioxane/H2O, ?  

no product, 

degradation of 

starting material 

 

4 

 

SeO2, TBHP, 1,4-dioxane/H2O, 

? 148 

no product, 

degradation of 

starting material 

 

5 

 

KMnO4, 18-Crown-6, benzene, 

? 149  

no product, 

degradation of 

starting material 

Table 4.2.2.1 - Attempted benzylic oxidation. 

 
Initial attempts focused on the use of KMnO4 as the oxidising agent in accord with 

the work of Ashimori, who described the use of this reagent to oxidise 2-bromo-

3-methylpyridine to 2-bromonicotinic acid in good yield.150 Analysis of the crude 

reaction mixture suggested that the KMnO4 was being consumed but not 

apparently for the required oxidation (Table 4.2.2.1, entry 1). Increasing the 

number of equivalents of KMnO4 had no desirable affect on the reaction, resulting 

in a mixture of unidentifiable products in the reaction mixture (Table 4.2.2.1, 

entry 2). Other oxidative methods were investigated, including non-aqueous 

conditions; however no suitable conditions could be identified to yield the desired 

oxidative product. Various conditions employed led to either extensive 

decomposition of starting materials or unidentifiable products (Table 4.2.2.1, 

entries 3-5).  

 

Mindful that 2-bromo-3-methyl pyridine could be easily oxidised to the 

corresponding 2-bromonicotinic acid, we were intrigued by the possibility of using 

2-bromonicotinic acid as a substrate in the 1,4-addition addition reaction. 2-

Bromonicotinic acid 140 was prepared according to Ashimori’s protocol to give 

the desired product in 98% yield (Scheme 4.2.2.5).147  
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N Br N Br

CO2Hi

140

Reagents and conditions; (i) KMnO4, H2O, 100 oC

98%

 

Scheme 4.2.2.5 – Benzylic oxidation of 2-bromo-3-methyl pyridine using potassium permanganate 

to give acid 140. 

 
Acid 140 was subjected to two equivalents of n-BuLi in Et2O at –78 oC to prepare 

the dilithio-species. This was then immediately treated with copper iodide and 

dibutylsulfide to yield what we hoped would be the Gilman cuprate. However, on 

addition of methyl crotonate none of the desired 1,4-addition product was 

detected in the reactive mixture (Table 4.2.2.3, entry 3, pp 94). As copper is 

known to promote decarboxylation of aryl carboxylic acids this may have 

contributed to this failure.151 

 

Owing to the lack of success in progressing the synthesis with a C3 methyl-

substituent or a C3 carboxylic acid substituent on the pyridine ring, efforts were 

redirected to test the feasibility of varying the C3 substituent on the pyridine 

further.  

 

Knochel has reported an elegant halogen-copper exchange reaction in the 

presence of various functional groups including aldehydes to prepare Gilman 

cuprates.152 Consequently, we decided to prepare the aldehyde at the C3 position 

on the pyridine ring, which we anticipated would be readily oxidised to the 

required carboxylic acid at a later stage in the synthesis. 

 

Aldehyde 141 was prepared by directed ortho-lithation of 2-bromopyridine using 

LDA, in THF at –78 oC in 72% yield (Scheme 4.2.2.6).153 

N Br N Br

CHOi, ii

141

Reagents and conditions; (i) LDA, THF, -78oC; (ii) DMF

72%

 

Scheme 4.2.2.6 - Directed ortho-lithation of bromopyridine with LDA and quenching with DMF to 

afford aldehyde 141. 

 
Initial attempts to scale-up this reaction proved unsatisfactory (Table 4.2.2.2). 
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N Br N Br

CHO

Reagents and conditions; (i) LDA, THF, -78oC; (ii) DMF

i, ii

141

 
 

Entry Concn LDA Scale Yield/%  

1 0.4 M 0.20 g 72 

2 0.4 M 2.00 g 22 

3 1.0 M 1.00 g 35 

4 1.5 M 1.00 g 28 

5 2.0 M  1.00 g 20 

Table 4.2.2.2 – Attempted optimisation of the DoM of 2-bromopyridine. 

 
The concentration of LDA used was such that the amount of solvent required to 

conduct preparative work would have been unworkable. However, increasing the 

concentration of LDA had a detrimental effect on the yield (Table 4.2.2.2, 

entries 2-5).  

 

Despite these scale-up problems the halogen-copper exchange reaction was 

attempted using bromoaldehyde 141. To a freshly prepared neophyl Gilman 

cuprate prepared according to the method of Knochel, from neophylchloride and 

tert-butyllithium at –78 oC, was added aldehyde 141 at –40 oC, this was followed 

by the addition of the electrophile, methyl crotonate.152 Disappointingly, none of 

the desired 1,4-addition product was detected (Scheme 4.2.2.7). 

N Br

CHO

N

CHO

OMe

O

Reagents and conditions; (i) (Neophyl)2CuLi, Et2O/THF, -40 oC;

(ii) Methyl crotonate

i, ii

141

 
Scheme 4.2.2.7 - Attempted halogen-copper exchange of aldehyde 141 and subsequent 1,4-addition 

to methyl crotonate according to the method of Knochel. 

 
Although bromine-copper exchange was reported in the original paper, iodine-

copper exchange was reported to be more efficient.152 In view of this, we decided 

to see whether we could replace the bromine with iodine in an aromatic 

Finkelstein reaction. The aldehyde 141 was treated with copper iodide, sodium 

iodide and N,N’-dimethylamine as the ligand according to the method of Buchwald  

(Scheme 4.2.2.8).154 
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N Br N I

CHOiCHO

141
Reagents and conditions; (i) N, N'- Dimethylethylamine, NaI, CuI

142

 

Scheme 4.2.2.8 - Attempted aromatic Finklestein reaction of bromoaldehyde 141 to form 

iodoaldehyde 142 according to the method of Buchwald. 

 
However, on analysis of the crude reaction mixture by CI-MS, only the starting 

material was detected containing the signature bromine isotope pattern (79Br: 
81Br, 1:1), indicating that no exchange had occurred. In the light of this result, 

the reaction was repeated in parallel with a test substrate: 2-bromobenzaldehyde 

(Scheme 4.2.2.9).154  

Br I

CHO
i

CHO

Reagents and conditions; (i) N, N'- Dimethylethylamine, NaI, CuI 

Scheme 4.2.2.9 – Attempted aromatic Finklestein reaction to convert 2-bromobenzaldehyde to 2-

iodobenzaldehyde. 

 
As evidenced by 1H NMR and EI-MS analysis on the crude mixtures, both 

reactions were unsuccessful in yielding the desired products. We concluded that 

the ortho substituent was probably hindering the reaction from taking place as we 

noted that no orthosubstituted cases were described in the original paper.154  

 

Continuing our search for a suitable substituent to occupy the C3 position on the 

pyridine ring, several candidate groups including a protected aldehyde, a nitrile, a 

vinyl group and a protected alcohol were considered.  

 

Given the problems we were experiencing preparing the aldehyde 141 via  the 

DoM route we devised a more efficient route to these substrates starting with 2-

bromo-3-methyl pyridine (Fig 4.2.2.1).  

Oxidation

141

N

CO2H

Br N Br

OH

N Br

O

N Br

Reduction Wittig

140  

Figure 4.2.2.1 – Proposed synthesis of various C3 substituted pyridyl bromides. 

 
This route was designed to give access to most of the substrates required for this 

study.  
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Attempts to reduce the carboxylic acid 140 to the corresponding alcohol with 

‘diborane’ (a pre-mixed slurry of sodium borohydride and boron trifluoride 

etherate)155 and with LAH were unsuccessful, resulting in the formation of several 

unidentifiable pyridine-containing products (Scheme 4.2.2.10).  

N Br

CO2H

N Br

OH

ii

iii

140

Reagents and conditions; (i) NaBH4, BF3.OEt2, 'B2H6';
(ii) LAH, Et2O  

Scheme 4.2.2.10– Attempted reduction of acid 140.155 

 
However, by preparing a mixed anhydride 143 of the acid with ethyl 

chloroformate followed by reduction with LAH, the desired alcohol 144 was 

formed in 94% yield (Scheme 4.2.2.11).150 

N Br

CO2H

N Br

140

OHii

N Br

O

O

O

O

i

144

Reagents and conditions; (i) NEt3, benzene, EtOC(O)Cl;

(ii) LAH, Et2O, -78 oC, rt

143

94%

 
Scheme 4.2.2.11 - Preparation of alcohol 144 via a mixed anhydride intermediate.150 

 
At this juncture we converted some of the alcohol 144 to the corresponding 

methyl ether 145 by reaction with NaH and MeI in 92% yield (Scheme 

4.2.2.12).156  

N Br

OH i, ii

N Br

OMe

144 145

Reagents and conditions; (i) NaH, THF, 0 oC; (ii) MeI

92%

 

Scheme 4.2.2.12 – Preparation of methyl ether 145.156 

 
The 1,4-addition of the cuprate derived from methyl ether 145 to methyl 

crotonate gave a mixture of products. Purification by flash chromatography gave 

50% starting material, 10% de-halogenated starting material and 10% of an 

unidentifiable pyridine-containing product, with data resembling that data 

expected for the desired 1,4-addition product but not conclusively and so this 

compound remained uncharacterised (Table 4.2.2.3, entry 4, pp 94). 
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Oxidation of the pyridyl alcohol 144 to the corresponding aldehyde 141 was 

attempted using catalytic TPAP in the presence of NMO. This resulted in the 

formation of a 50:50 ratio of starting material and product. Disappointingly, on 

addition of a further 10 mol % of catalyst and 1 equivalent of NMO this ratio 

remained unchanged. Oxidation was subsequently achieved using a Moffats’ 

oxidation with DCC, DMSO and anhydrous H3PO4 to give the desired, aldehyde 

141 in excellent yield.150 The TPAP conditions were not further optimised 

(Scheme 4.2.2.13).  

N Br

O

N Br

OH i

144 141

Reagents and conditions; (i) TPAP, NMO, CH2Cl2, 50:50 (SM:P);
(ii) DCC, DMSO, H3PO4, 80%

or ii

 
 

Scheme 4.2.2.13 – Oxidation of alcohol 144 with TPAP and NMO. 

 

The overall yield for the preparation of aldehyde 141 via this route was 

significantly better than via to the DoM route (82%, 3 steps vs 40%, 1 step) (Fig 

4.6.2).153 

N Br N

CO2H

Br N Br

OH

N Br

O

N Br

i ii iviii

141

Reagents and conditions; (i) KMnO4, H2O, 100 oC; (ii) NEt3, EtOC(O)Cl, benzene; (iii) LDA, 

DMF, THF, -78 oC (iv) DCC, H3PO4, DMSO

3 Steps

1 Steps

 
Figure 4.2.2.2 – Comparison of two routes leading to the formation of aldehyde 141. 

 
Aldehyde 141 was treated with ethylene glycol and PPTS in benzene to give 

dioxolane 146 in 60% yield (ca. 40% recovered starting material). A repeat of 

the reaction in the presence of 4 Å MS resulted in no measurable increase in the 

yield (Scheme 4.2.2.10).  

N Br N Br

iCHO
O

O

146141

Reagents and conditions; (i) Ethylene Glycol, PPTs, Benzene

60%

 

Scheme 4.2.2.14 - Protection of aldehyde 141 with ethylene glycol and PPTs to form dioxolane 146. 
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ii
i

2
N Br

R1

N CuLi

R1

N

R1

R2

R3

R4

O

O

R4R2

R3

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC
R1-R4 - see table

 
Entry Substrate Electrophile  Yield/%  dr RR*:RS* Product 

 

1 

   

10% 

 

27:77 

 

 

2 

   

14% 

 

33:67 

 

 

3 

   

----- 

 

----- 

 

 

4 

   

trace 

 

----- 

 

 

    5 

   

trace 

 

----- 

 

 

6 

   

trace  

 

----- 

 

 

7 

   

----- 

 

----- 

 

 

8 

   

----- 

 

----- 

 

 

 

9 

   

80% 

 

 

----- 

 

 

 

10 

   

85% 

 

----- 

 

11    

81% 

 

----- 

 

Table 4.2.2.3 – 1,4-Addition of substituted and unsubstituted 2-pyridyl cuprates to electrophiles. 

OMe

O

N

CO2H

Br
140

N Br

O

O

146 OMe

O

N Br

OMe
145 OMe

O

N Br
H

O

N Br
H

O

N Br
147

OMe

O

OMe

O

N Br N
OMe

O
176

OMe

O

N Br
N

OMe

O
139

O

N Br

N
O

148

N Br

O

N
O

149

N Br N CN

150

CN
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4.2.3 Optimization of Reaction Conditions. 
 

As alluded to above, extensive efforts were made to optimise the 1,4-addition 

reaction conditions by investigating the variables relating to the formation and 

reactivity of the ortho-substituted pyridyl reagents. The reaction of 2-bromo-3-

methyl pyridine with methyl crotonate was used for these studies. 

 

Initial studies focused on the halogen-metal exchange step, by investigating the 

nature of the alkyllithium reagent (Table 4.2.3.1). 

ii
i

2
N Br N CuLi N

OMe

O

Reagents and conditions; (i) Alkyl Lithium, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC;

(iii) Methyl crotonate

iii

 
Entry Alkyl Lithium Yield/%  

1 n-BuLi 70 

2 sec-BuLi ----- 

3 tert-BuLi 23 

Table 4.2.3.1 – The influence of alkyllithium reagent on 1,4-addition. 

 
The standard reaction with n-BuLi gives the desired product in 70% yield (Table 

4.2.3.1, entry 1). Surprising, the reaction using sec-BuLi gave none of the 

desired product (Table 4.2.3.1, entry 2). Finally, the reaction with tert-BuLi 

proceeded to give the desired product but with low conversion (23%) (Table 

4.2.3.1, entry 3). It is apparent from these studies that the optimum alkyl 

lithium for the reaction is n-BuLi. 

 

Next, the solvent and temperature were investigated (Table 4.2.3.2).  
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ii
i

2
N Br N CuLi N

OMe

O

Reagents and conditions; (i) n-BuLi, SOLVENT, -78oC; (ii) CuI, SBu2, Et2O, TEMP/oC;

(iii) Methyl crotonate

iii

 
Entry Solvent Temp/oC Yield/%  

1 Et2O 25 70 

2 THF 25 trace  

3 THF 60 ---- 

4 DME 25 ---- 

5 DME 50 ---- 

6 1,4-dioxane 25 ---- 

7 1,4-dioxane 100 ---- 

8 CH2Cl2 25 trace  

9 CH2Cl2/Et2O 

(50:50) 

25 23 

Table 4.2.3.2 – The influence of solvent and temperature on 1,4-addition. 

 
The 1,4-addition of the cuprate of 2-bromo-3-methyl pyridine to methyl crotonate 

was conducted in THF, DME, 1,4-dioxane and also Et2O–CH2Cl2 mixtures at both 

room temperature and at reflux (Table 4.2.3.2, entries 1-8). In all but one 

case no reaction took place, with only a low conversion in the case where an 

Et2O–CH2Cl2 mixture was used (Table 4.2.3.2, entry 9). It appears that Et2O is 

the optimum solvent for this reaction. 

 

Finally, we investigated the influence of the nature of the copper salt on this 

reaction (Table 4.2.3.3). 

ii

i

2
N Br N CuLi N

OMe

O

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) COPPER SALT, SBu2, Et2O, 0 oC;
(iii) Methyl crotonate

iii

 
Entry Copper Salt Yield/%  

1 CuI/SBu2 70 

2 CuI.SMe2 60 

3 CuBr.SMe2 20 

4 CuCl/SBu2 ---- 

5 CuCN/SBu2 ---- 

Table 4.2.3.3 – The influence of the copper salt on 1,4-addition. 
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To explain the selectivity, we first assumed that the E(O)-enolate 153 of the 

ester was formed during the deprotonation with the amide base, since this 

minimises the 1,3-diaxial interactions in the 6-membered transition state for its 

formation (Figure 4.3.2.2).  

E(O)-Enolate 
- Favoured

Minimum 1,3-diaxial 
intereactions - Favoured

H N

MO

OMe

H R'

R'

N

H N

MO

OMe

H R'

R'

N

H N

MO

OMe

H

R'

R'

N

Maximum 1,3-diaxial 
intereactions - Disfavoured

H N

MO

OMe

H

R'

R'

N

Z(O)-Enolate
- Disfavoured

MO H

MeO H
CH3

N

MeO H

MO H
CH3

N

153

 

Figure 4.3.2.1 – Proposed 6-membered transitions states for enolate formation. 

 
Next we considered two possible conformations for alkylation (Figure 4.3.2.2).  

MO H

O H
CH3

:
CH3

N

MO H

O
H

H3C

CH3

N

E+ E+ (Syn)

. .

E+

free rotation

SelectiveNon-Selective

A B  

Figure 4.3.2.2 – Postulated conformations for selective and non-selective electrophilic addition. 

 

If we first consider conformation A, where M is the lithium counterion, we know 

that addition of the electrophile occurs from both the top and bottom faces of the 

enolate unselectively. This is because the counterion is small so the methoxy 

group adopts the s-cis conformation. This places the oxygen lone pair as the 

group exerting steric control (A1,3-strain) over the rotation at the bond between 

C2 and C3. Since the lone pair is small, this control is poor and little selectively is 

seen (Figure 4.3.2.2). 
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1,4-addition reaction.85 The third strategy was to perform an enzymatic kinetic 

resolution of the racemate by hydrolysis. These three approaches are described 

below.  

 
4.4.1 Chiral Auxiliary Controlled 1,4-Addition 
 

There are numerous chiral auxiliaries 111 that could potentially be employed to 

control the stereochemical outcome of the 1,4-addition reaction. Two of the most 

widely documented acyl auxiliaries for 1,4-addition of Gilman cuprates are the 

camphor-based sultam and sulfonamide auxiliaries.107,108,110,159-164 These 

auxiliaries have been reported in the synthesis of many natural products and with 

a wide range of copper reagents. 

Prior to testing the 1,4-addition reaction, the chiral auxiliary had to be attached 

to the required enoate. Sultam 155 was treated with methyl crotonate and AlMe3 

in toluene and heated to reflux for 24 h, according to the procedure reported by 

Oppolzer but none of the required chiral enoate 156 was formed.159  

 

However, treatment of sultam 155 with NaH (60% in mineral oil) followed by 

butenoyl chloride in THF gave the desired chiral enoate 156 in excellent yields 

(97-99%) (Scheme 4.4.1.1).159  

Reagents and conditions; (i) NaH, THF, 25 oC;
(ii) But-2-enoyl chloride.

i, ii

S
NH

O
O

S
N

O
O O

155 156

97-99%

 
Scheme 4.4.1.1- Preparation of chiral enoate 156. 

 
Our attempts at the 1,4-addition of the cuprate of 2-bromo-3-methyl pyridine 

137 to chiral enoate 156 are summarised below (Table 4.4.1.1).  
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ii

i

2
N Br N CuLi

Reagents and conditions; (i) n-BuLi, SOLVENT, TEMP/oC; 

(ii) CuI, SBu2, 0 oC; (iii) Enoate 137, SOLVENT, TEMP/oC.

S
N

O
O O

S
N

O
O O

N

157

156

iii

137

 
Entry Solvent Temp/oC Yield/% 

1 Et2O 25 ----- 

2 Toluene -78 ----- 

3 Toluene 25 ----- 

4 Toluene/Et2O 25 ----- 

5 CH2Cl2/Et2O 25 28 

6 CH2Cl2/Et2O -78 ----- 

Table 4.4.1.1 – 1,4-Addition of the cuprate of 2-bromo-3-methyl pyridine 137 to chiral enoate 156. 

 
Initially we attempted to use those conditions previously established for the non-

enantioselective reaction (i.e. the addition of the chiral enoate as a suspension in 

Et2O at 25 oC) (Table 4.4.1.1, entry 1). Disappointingly, the reaction was 

unsuccessful. This may have been the expected result since the chiral enolate 

156 was insoluble in Et2O. Next, we attempted to use the conditions described by 

Oppolzer for their 1,4-addition reactions. The reaction was conducted in toluene 

at low temperature (-78 oC) (Table 4.4.1.1, entry 2).162 Again the reaction 

failed to provide the desired product. This was not too surprising since our pyridyl 

cuprates had previously been shown to be very unreactive at low temperature. 

The reaction was then conducted in toluene but now at room temperature (Table 

4.4.1.1, entry 3). Disappointingly, the reaction again was unsuccessful in 

yielding the desired 1,4-addition product. Finally we decided to see if the reaction 

could be run in a mixed of solvent system i.e. by preparing the cuprate as before 

in Et2O and then adding the chiral enoate in a solvent it was soluble in. Hence two 

reactions were run in parallel, one in an Et2O/toluene mix (Table 4.4.1.1, entry 

4) and the other in an Et2O/CH2Cl2 mix (Table 4.4.1.1, entry 5). The reaction in 

CH2Cl2 gave the first 1,4-addition of our Gilman cuprate to a chiral enoate, albeit 

in low yield (28%). Disappointingly, no stereoinduction was observed, affording a 

mixture of diastereoisomers in ca. 1:1 ratio (R,R:R,S). We had feared that this 

might be the case since Oppolzer described how good stereoinduction was 
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generally only observed at low temperature (-78 oC). Consequently, this 1,4-

addition reaction was repeated at low temperature (-78 oC) (Table 4.4.1.1, 

entry 6). However, at this low temperature no reaction was observed, with only 

the recovery of the starting material, chiral enoate 156. It appeared that the 

pyridyl cuprate which was formed at 0 oC and cooled to –78 oC prior to the 

reaction was completely insoluble below 0 oC forming an insoluble gum at the 

bottom of the flask. This observation may account for the loss of reactivity at low 

temperature.  

 

At this juncture we decided to prepare a chiral camphor sulfonamide auxiliary that 

Oppolzer reported as being effective for a range of asymmetric 1,4-addition 

reactions using Gilman cuprates.165 We hoped that this auxiliary would provide 

some stereoinduction at higher temperatures (0 oC) considering the large steric 

bulk of the cyclohexane rings; which are reported to block one face of the enoate 

very effectively. 

 

Camphor sulfonamide 158 was prepared from the corresponding camphor 

sulfonyl chloride via a standard addition elimination reaction with the 

corresponding amine, followed by reduction of the ketone to the alcohol 159 on 

reaction with L-Selectride™.165 The chiral enoate 160 was then prepared by 

reaction of alcohol 160 with but-2-enoyl chloride and silver cyanide (Scheme 

4.4.1.2).166 

iii

Reagents and conditions; (i) DMAP, NEt3, MeCN, Cy2NH; (ii) L-Selectride, THF, -78 oC;

(iii) But-2-enoyl chloride, AgCN, benzene.

S
OO

Cl

O

S
OO

NCy2

O

S
OO

NCy2

OH

S
OO

NCy2

O

O

160

45% 95% 62%

iii

158 159

 

Scheme 4.4.1.2 – Preparation of chiral enoate 161. 

 
The cuprate of 2-bromo-3-methyl pyridine 137 was then treated with the chiral 

enoate 160 (Table 4.4.1.2).  
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ii
i

2
N Br N CuLi

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; 

(ii) CuI, SBu2, SOLVENT, 25 oC.

137

160

S
OO

NCy2

O

O

SO
O

O

O

NCy2

N

 
Entry Solvent Yield 

1 Et2O trace 

2 CH2Cl2 ----- 

2 toluene ----- 

Table 4.4.1.2 – 1,4-Addition of the cuprate of 2-bromo-3-methyl pyridine 137 to chiral enoate 161. 

 

Initially the reaction was conducted in Et2O at 25 oC but none of the desired 

product was observed (Table 4.4.1.2, entry 1). The 1,4-addition reaction was 

then repeated, again using a mixed solvent system (Table 4.4.1.2, entry 2 & 

3). However, the reaction was unsuccessful in both toluene and CH2Cl2 mixtures 

with only quantitative recovery of starting material 160 being achieved.  

 

It appears from these results that a chiral auxiliary controlled 1,4-addition 

reaction is not compatible with our pyridyl Gilman cuprates. It is evident that not 

only are the reactions low yielding i.e. the Gilman cuprates are not as reactive to 

the chiral enoates relative the methyl crotonate, but also that the reactivity of the 

cuprates decreases significantly below 25 oC, a temperature not suitable for chiral 

induction using auxiliaries of this type. Following this, it was decided to put this 

strategy on hold and proceed with our second strategy, the copper catalysed 

Grignard 1,4-additions.  

 

4.4.2 Copper Catalysed Grignard 1,4-Additions. 
 

 

In 2004, Feringa reported the copper catalysed enantioselective 1,4-addition of 

Grignard reagents to acyclic enones.85 In this communication they reported one 

example in which phenyl magnesium bromide reacted with penten-2-one with 

good conversion, regio-, and enantioselectivity [75%, 81:19 (1,4:1,2) and 76% 

e.e.]. Stereochemical control was achieved by using the ferrocenyl ligand either, 



Chapter 4                                                                                                                   Results & Discussion 

 
 
 

106 

JosiPhos™ or TaniaPhos™ ligands in conjunction with copper bromide as catalyst 

in tBuOMe at low temperature (-75 oC).85 167  

 

As a prelude to our studies, we decided to repeat Feringa’s reaction to see if we 

could duplicate his results (Scheme 4.4.2.1).85 

MgBr

i,

O

60%

Reagents and conditions; (i) CuBr.SMe2,

tBuOMe, -78 oC; (ii) Penten-2-one

ii

161

 
Scheme 4.4.2.1 – Copper-catalysed 1,4-addition of phenyl magnesium bromide to penten-2-one 

according to the method of Feringa. 

 
The reaction between phenyl magnesium bromide to penten-2-one proceeded 

with excellent conversion, however not with complete regioselectivity. We 

obtained both the undesired 1,2-addition product and the desired 1,4-addition 

product 161 in a 1:2 ratio by 1H NMR.85 Despite this result we attempted to 

transfer the methodology to an unsubstituted 2-pyridyl substrate. This proved 

challenging; our results are summarised below (Table 4.4.2.1).  
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N
O

N
OH

163148

N MgBrN I

i

162

ii

Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) X mol% CuBr.SMe2,
tBuOMe, Y oC; (iii) Penten-2-one  

 
Entry Conditions Conversion 148:163 

 

1 

5 mol %CuBr.SMe2,    

6 mol % TaniaPhos, -78 oC 

 

----- 

 

----- 

 

2 

100 mol %CuBr.SMe2,    

 -78 oC 

 

----- 

 

----- 

 

3 

200 mol %CuBr.SMe2,    

 -78 oC 

 

83% 

 

100:0 

 

4 

150 mol %CuBr.SMe2,    

 -78 oC  

 

90% 

 

100:0 

 

5 

110 mol %CuBr.SMe2,    

 -78 oC  

 

87% 

 

100:0 

 

6 

110 mol %CuBr.SMe2,    

 0 oC 

 

57% 

 

60:40 

 

7 

110 mol %CuBr.SMe2,    

 20 oC 

 

78% 

 

58:42 

Table 4.4.2.1 - Catalytic loading studies on the copper-catalysed 1,4-addition of the 2-pyridyl 

Grignard reagent to penten-2-one. 

In parallel with all these reactions, a control reaction was conducted to ensure the 

complete formation of the pyridyl Grignard reagent. Thus the pyridyl Grignard 

reagent 162 was added to benzaldehyde to give alcohol 164 in 92% yield 

(Scheme 4.4.2.2).168 

N MgBr NN I

i

OH
162

Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) Benzaldehyde

ii

164

92%

 
Scheme 4.4.2.2 – Control Reaction - Iodine-magnesium exchange reaction followed by benzaldehyde 

quench. 

The copper catalysed 1,4-addition reaction of 2-pyridyl magnesium bromide using 

catalytic CuBr.SMe2, tBuOMe and penten-2-one at –75 oC for 2 h yielded none of 

the desired 1,4-addition or even the undesired 1,2-addition products. 

Considerable loss of mass in the crude reaction mixture was however observed 

(Table 4.4.2.1, entry 1). Increasing the catalytic loading of CuBr.SMe2 from 5 

to 100 mol% saw no improvement in the reaction (Table 4.4.2.1, entry 2). 
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Surprisingly, using 200 mol% of catalyst resulted in complete conversion and 

exclusive formation of the desired 1,4-addition product, ketone 163 in excellent 

yield (Table 4.4.2.1, entry 3). Subsequent studies showed that the catalytic 

loading could be reduced from 200 to 150 mol% (Table 4.4.2.1, entry 4) and 

further still to 110 mol% whilst still giving exclusive formation of the 1,4-addition 

product 163 in high yields (Table 4.4.2.1, entry 5). Increasing the temperature 

to 0 oC (Table 4.4.2.1, entry 6) and 25 oC (Table 4.4.2.1, entry 7) saw the 

loss of regioselectivity, giving equal amounts of the 1,4- 148 and 1,2- 163 

addition products in high conversion.  

 

These studies show that it is essential that greater than one equivalent of the 

catalyst (copper bromide) is required to allow the reaction to take place, however 

if exactly one equivalent of the catalyst is used, no reaction is observed. These 

results suggest that one equivalent of the copper bromide is required to 

protect/block the pyridine nitrogen, allowing the remainder of the copper to 

catalyse the 1,4-addition reaction. 

 

We next attempted to conduct the reaction in the presence of 5 mol% of the 

chiral JosiPhos™ ligand using 110 mol% of the CuBr.SMe2. The 2-pyridyl Grignard 

reagent was pre-mixed with exactly one equivalent of the copper bromide, prior 

to its addition to the catalytic 1,4-addition reaction conditions. The reaction 

proceeded efficiently in excellent yield, however the reaction displayed no 

stereochemical control as determined by chiral GC analysis, where both 

enantiomers were present in equal amounts. This was most probably due to the 

large excess of copper bromide in the reaction where ligand exchange between 

the copper centres is probable. 

 

Attempts to transfer the methodology to the C4-position on pyridine ring (i.e. 

using 4-iodopyridine) showed promising results. Initially, as before, a control 

reaction with benzaldehyde gave alcohol 165 in 94% yield. Subsequent addition 

of the Grignard reagent to penten-2-one at 25 oC occurred in high conversion but 

displayed no regioselectivity, giving the 1,4-addition product 166 and the 1,2-

addition product 167 in equal amounts (Scheme 4.4.2.3). 
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N

O

N

OH
167166

N

MgBr

N

I

i

99 165

ii

Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) EtMgBr, Et2O, rt, benzaldehyde; (iii)  200 mol%

CuBr.SMe2, tBuOMe, -78-25 oC, Penten-2-one

54% 44%

N

OH

iii

16594%

 
Scheme 4.4.2.3 - Copper-catalysed reaction of the 4-pyridyl Grignard reagent with penten-2-one. 

 
Attempts were made to prepare the Grignard reagent of 2-bromo-3-methyl 

pyridine via the same halogen-magnesium exchange protocol. Disappointingly, 

the reaction was unsuccessful, possibly due to steric hindrance of the ortho-

substituent (Scheme 4.4.2.4). 

N MgBr NN Br

i

OH
Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) Benzaldehyde

ii

 
Scheme 4.4.2.4 – Attempted halogen-magnesium exchange of 2-bromo-3-methyl pyridine followed 

by quench with benzaldehyde. 

 
Since halogen-magnesium exchange reactions are often best preformed using 

iodides, preparation of 2-iodo-3-methyl pyridine 168 was undertaken. 2-Bromo-

3-methyl pyridine was treated with n-BuLi and quenched with 1,2-diiodoethane to 

give the iodide 168 in excellent yield (Scheme 4.4.2.5). 

N

168

N

i, ii

Br I

Reagents and conditions; (i) n-BuLi, THF, -78 oC; (ii) ICH2CH2I

95%

 
Scheme 4.4.2.5 – Synthesis of 2-iodo-3-methyl pyridine 168. 

Attempted halogen-magnesium exchange on iodide 168 with ethyl magnesium 

bromide was unsuccessful as evident from its failure to participate in 1,2-addition 

to benzaldehyde (Scheme 4.4.2.6).  

N MgBr NN I

i

OH
168

Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) Benzaldehyde

ii

 

Scheme 4.4.2.6– Attempted iodine-magnesium exchange of iodide 168 and quench with 

benzaldehyde. 
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Finally, we decided to attempt the 1,4-addition reaction of the unsubstituted 2-

pyridyl Grignard reagent with methyl crotonate using the optimum conditions 

(Scheme 4.4.2.7).  

N
OMe

O
N MgBrN I

i

168

ii

Reagents and conditions; (i) EtMgBr, Et2O, rt; (ii) 110 mol% CuBr.SMe2,

tBuOMe, -75 oC; (iii) Methyl Crotonate  

Scheme 4.4.2.7 – Attempted copper catalysed 1,4-addition of 2-pyridyl-3-methyl magnesium 

bromide to methyl crotonate. 

 
Disappointingly, the reaction was unsuccessful at both low temperature (-78 oC) 

and at high temperature (25 oC). 

 

Owing to the unsuccessful enantioselective copper catalysed 1,4-addition of the 

2-pyridyl-3-methyl magnesium bromide to penten-2-one and the unsuccessful 

addition to methyl crotonate this strategy was unlikely to provide the solution to 

our problem and was thus abandoned. 

 
4.4.3 Enzymatic Resolution 
 
 

Our final strategy for the development of an enantioselective synthesis of (-)-

evoninic acid was to use an enzymatic hydrolysis to effect a kinetic resolution en 

route. The plan was to achieve the kinetic resolution immediately following the 

ester methylation step using the diastereomerically enriched syn isomer 139s as 

the substrate. Since the hydrolysis of this compound is required anyway prior to 

oxidation the enzymatic hydrolysis would not increase the step count. 

 

Seven enzymes were surveyed, the enzymes were incubated in acetone and 

water at 25 oC before the addition of the ester (Table 4.4.3.1).   
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Analysis of the reaction mixture (HRMS-CI) confirmed the formation of the 

desired product 180. However, we were unable to isolate the desired product due 

to the very poor conversion. 

 

We subsequently decided to revert back to using 4-iodopyridine 99. The cuprate 

was formed using the standard conditions and reacted with three Michael 

acceptors: methyl crotonate, penten-2-one and crotononitrile. These reactions 

gave the desired products 180, 166 and 181 in good yields (Table 4.6.1.1). 

This to the best of our knowledge, these are the first 4-pyridyl Gilman cuprates to 

undergo 1,4-addition reactions. 

N

I

99

N

CuLi
2

N

R1

R2

179

ii

i

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC;

(iii) Electrophile, E+

iii

E+

R1-R2 - see table

 
Entry Electrophile Yield/%  Product 

 

1 

  

78 

 

 

2 

  

86 

 

 

3 

  

90 

 

Table 4.6.1.1 - 1,4-Addition of the cuprate of 4-iodo pyridine 99 to three Michael acceptors. 

 
Following this, we decided to see whether this methodology was also applicable to 

a 3-pyridyl cuprate. Gratifyingly, the 1,4-addition of the cuprate derived from 3-

bromopyridine to penten-2-one was successful, giving compound 182 in 79% 

yield (Scheme 4.6.1.2).  

OMe

O

O

CN

N
180

OMe

O

N

CN

181

N
166

O
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N

Br

N

Br
2

N
183, 3%182

O

ii

i

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC; 
(iii) penten-2-one

iii

79%

N

OH

 

Scheme 4.6.1.2 - 1,4-Addition of the cuprate of 3-bromopyridine to penten-2-one. 

 

4.6.2 Synthesis of 4-Bromo-3-Methyl Pyridine 
 
 

Next, efforts focused on the preparation of 4-bromo-3-methyl pyridine for the 

preparation of hydroxy- iso-evoninic acid. Literature precedent for the preparation 

of this compound involves bromination of 3-picoline-N-oxide using Br2 and 

thallium triacetate to give the desired bromide 184 in 82% yield.175 In our hands 

this product was obtained in 80% crude yield (Scheme 4.6.2.1).  

i

Reagents and conditions; (i) AcOH, Tl(OAc)3, Br2.

N
O N

O

Br

80%

184

 

Scheme 4.6.2.1 – Bromination of 3-picoline-N-oxide 184. 

Although the reaction had proceeded well, it was decided that the reaction would 

be too expensive and hazardous to scale-up given the quantities of thallium 

triacetate (1 g) required for preparation of just 100 mg of the 3-picoline-N-oxide 

184.175  

 

Subsequent attempts to prepare 4-bromo-3-methyl pyridine included: DoM of 4-

bromopyridine using LDA, prior to a MeI quench;132 DoM of 3-bromopyridine 

(which has been reported to undergo a halogen dance at –50 oC to the 4-position) 

using LDA and treatment with MeI;176 and finally halogen-lithium exchange on the 

hydrochloride salt of 4-bromopyridine with LDA and transmetallation onto zinc, 

followed by a MeI quench.177 However, all three attempts were unsuccessful, only 

giving trace formation of the desired product (Scheme 4.6.2.2). 
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Reagents and conditions; (i) LDA, MeI, -78 oC; (ii) n-BuLi, ZnCl, MeI, -78 - -40 oC
(iii) LDA, MeI, -50 oC;

N

Br

N

Br

N

Bri or ii

iii

(.HCl)

 

Scheme 4.6.2.2 – Attempted preparation of 4-bromo-3-methyl pyridine via DoM and halogen-lithium 

exchange. 

Next we considered using diazotisation reaction conditions. Aminopyridine 186 

was prepared by nitration of 3-picoline-N-oxide to give nitropyridine 185, 

followed by reduction with iron filings in acetic acid to give aminopyridine 186 in 

reasonable overall yield. Diazotisation of aminopyridine 186 the treatment with 

both KI115 and CuBr178 (Sandmeyer conditions) to form the 4-halo-3-methyl 

pyridine was attempted. To our disappointment, both reactions failed to give any 

of the desired product (Scheme 4.6.2.3).  

N
O

NO2

N

NH2 N

I

60%

ii

iii

iv

185

N
O

80%

iii

N

Br

Reagents and conditions; (i) H2SO4, HNO3, 100 oC; (ii) Fe, AcOH, 100 oC;

(iii) NaNO2, KI; (iv) NaNO2, CuBr

186

 

Scheme 4.6.2.3 – Attempts to prepare 4-iodo-3-methyl pyridine via diazotisation reactions. 
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Finally, the elusive 4-bromo-3-methyl pyridine was prepared by treatment of N-

oxide 185 with PBr3 in EtOAc at 80 oC to give the desired product according to 

the method of Abramovitch.179 The reaction proceeded in high yields, however 

purification by chromatography was problematic since the product was found to 

be volatile and distillation from the reaction mixture was inefficient. Changes 

were therefore made to the work-up procedure utilising differences in the acid-

base properties of product 187 and the impurities to give an improved 

preparation of this compound without the need for further purification by either 

chromatography or distillation (Scheme 4.6.2.4).179  

N
O

NO2

185

i, ii, iii

N

Br

187

Reagents and conditions; (i) PBr3, EtOAc; (ii) NaOH pellets pH ~ 2-3, 
remove EtOAc layer; (iii) NaOH pellets pH ~ 14, extract into Et2O.

80%

 

Scheme 4.6.2.4 – Preparation of 4-bromo-3-methyl pyridine 187 by a modification of the method of 

Abramovitch . 

 
4.6.3 Synthesis of 4-Pyridyl-3-Methyl Cuprates 
 

4-Bromo-3-methyl pyridine was subjected to the Gilman cuprate reaction 

conditions. The reaction required higher dilution than the unsubstituted analogue, 

but to our delight the derived cuprate was successfully added to methyl 

crotonate, penten-2-one and crotononitrile to furnish the desired products 189, 

190 and 191, in good yields (Scheme 4.6.3.1). 
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N

Br

187

N

CuLi
2

N

R1

R2

188

ii

i

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC;

(iii) Electrophile, E+

iii

E+

R1-R2 - see table

 
Entry E+ Yield/%  Product 

 

1 

  

70 

 

 

2 

  

82 

 

 

3 

  

79 

 

Table 4.6.3.1 - 1,4-Addition of the cuprate of 4-bromo-3-methyl pyridine 188 to three Michael 

acceptors. 

 

It is clear from these examples that this reaction is a powerful and versatile tool, 

for the 1,4-addition of substituted pyridyl systems to a number of unsaturated 

systems. 

 

4.6.4 Towards the Synthesis of Hydroxy-iso-Evoninic Acid 
 

The 1,4-addition of the cuprate of 4-bromo-3-methyl pyridine 187 to methyl 

crotonate was repeated on large scale to bring material through for the 

methylation studies (Table 4.6.4.1). 

OMe

O

O

CN

N
189

OMe

O

N
190
O

N

CN

191
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N

Br

187

N

CuLi
2

N

188 189

ii

i

Reagents and conditions; (i) n-BuLi, Et2O, -78oC; (ii) CuI, SBu2, Et2O, 0 oC;

(iii) Methyl crotonate

iii

OMe

O

 
Entry Amount Molarity Yield/% 

1 1.00 g 1.0 M no reaction 

2 500 mg 0.1 M no reaction 

3 500 mg 0.01 23 

4 210 0.01 71 

5 361 0.01 52 

Table 4.6.4.1 – Scale up and optimisation of the 1,4-Addition of the cuprate of 4-bromo-3-methyl 

pyridine 187 to methyl crotonate. 

 

Disappointingly, initial attempts to scale up the reaction to between 500 mg – 1 g 

failed (Table 4.6.4.1, entries 1-3). Reducing the molarity to 0.01 M improved 

the reaction (Table 4.6.4.1, entry 3) giving ester 189 in 23% yield. Finally, 

conducting the reaction on a smaller scale at 0.01 M gave formation of the 

desired product in high yield (Table 4.6.4.1, entry 4). We were unable to carry 

out the reaction on larger than 200 mg scale even using the ‘optimum’ 

concentration of 0.01 M. 

 

Methylation of ester 189 was attempted next (Table 4.6.4.2) 
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N

192

OMe

O
i, ii

N

OMe

O

Reagents and conditions; (i) CONDITIONS; (ii) MeI

189

 
Entry Conditions Additive Outcome 

1 KHMDS, Toll, -78 oC, MeI ----- no reaction 

2 KHMDS, Tol, 25 oC, MeI ----- no reaction 

3 KHMDS, Tol, 60 oC, MeI ----- no reaction 

4 LDA, THF, -78 oC, MeI ----- no reaction 

5 LDA, THF, -78 oC, MeI TMEDA no reaction 

6 LDA, THF, -78 oC, MeI LiCl no reaction 

7 LDA, THF, -78 oC, MeI HMPA no reaction 

8 tBuOK, tBuOH, 25 oC, MeI ----- no reaction 

9 NaH, DMF, 25 oC, MeI ----- see text  

10 NaH, d6-DMSO, 25 oC, MeI ----- no reaction 

11 NaNH2, NH3, -78 oC, MeI ----- no reaction 

12 tBu4NI, KOH, MeCN, MeI ----- no reaction 

13 tBu4NBr, KOH, CH2Cl2, MeI ----- no reaction 

Table 4.6.4.2 – Attempted alkylation of ester 189. 

 
Methylation of ester 189 was attempted using the conditions that were successful 

for the methylation in the diastereoselective synthesis of evoninic acid, i.e. 

KHMDS, MeI, toluene at -78 oC for 24 h. Disappointingly, none of the desired 

product was observed using these conditions (Table 4.6.4.2, entry 1). Use of 

KHMDS at both 25 and 60 oC gave none of the desired product (Table 4.6.4.2, 

entries 2 & 3). Using LDA at –78 oC with or without TMEDA, LiCl and HMPA did 

not resolve the situation, with no evidence of the desired product in any of the 

reactions (Table 4.6.4.2, entries 4-7). It was apparent from these results that 

this substrate is not reactive towards traditional methylation conditions. Of note 

also was the broadness of the aromatic signals of the starting material in 1H NMR 

(CDCl3). We concluded that these two observations could be related and so 

decided to take a 1H NMR of the starting material in d6-DMSO. Surprisingly, the 

aromatic peaks now appeared to be completely resolved; which suggested that 

the starting material was aggregating in less polar solvents. We considered that 

this could explain the problems that were being encountered with the enolisation 
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synthesis of the un-natural product hydroxy evoninic acid. However, it is apparent 

that the 3,4-disubstituted pyridyl unit presents some additional challenges. The 

difference in reactivity can probably be attributed to the difference in the 

nucleophilicities of the pyridine nitrogen lone pair in the iso-evoninic acid series 

as compared to the evoninic acid series; the C2 substituent in the latter series 

sterically shields the lone pair rendering it minimally nucleophilic whereas in the 

iso-evoninic acid series the relatively unhindered pyridine nitrogen is significantly 

nucleophilic. Clearly a new approach for the construction of hydroxy- iso-evoninic 

acid is required: Some possibilities for this are discussed in the next section.
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5 Conclusions & Future Work 
5.1 Conclusions 
 
5.1.1 Rhodium Catalysed 1,4-Addition Work 
 

We have determined that 4-pyridyl boronic acid derivatives are unsuitable 

substrates for rhodium catalysed 1,4-addition reactions. This is primarily due to 

the instability of these substrates to the aqueous reaction conditions. We have 

also established that 4-pyridyl trialkylstannane substrates are too un-reactive to 

undergo rhodium catalysed 1,4-addition reactions although these substrates are 

more resistant to destannylation than their analogous 4-pyridyl boronic acids and 

esters are to deboronation. The lack of reactivity was initially postulated to be as 

the result of the highly electron deficient nature of the pyridyl ring. However, 

attempts to make the C4-position of the 4-pyridyl stannanes more nucleophilic by 

the incorporation of electron donating functionality at the C3-position (e.g. OMe 

and OCONEt2) did not improve the situation. These findings and also the fact that 

electron deficient aryl stannanes such as p-FC6H4SnMe3 have successfully been 

used by others to undergo rhodium catalysed 1,4-additions led us to consider that 

the nucleophilic pyridyl might be acting as a ligand on rhodium and preventing 

catalysis. To circumvent this problem a series of N-oxide and methyl pyridinium 

salts of 4-pyridyl stannanes were screened for 1,4-addition. Using the 4-pyridyl 

trimethyl stannane-N-methyl tosylate pyridinium salt in a stoichiometric rhodium 

catalysed 1,4-addition reaction to methyl crotonate gave for the first time 

evidence of the 1,4-addition product by CI-MS analysis. To our disappointment, 

we were unable to optimise the conditions this transformation for it to be 

synthetically useful. In view of the time already invested on this methodology, 

and the lack of success, this strategy was subsequently abandoned as a feasible 

route to our target molecule. 

 

5.1.2 Cuprate Mediated 1,4-Addition Work 
 

We have investigated the feasibility of using pyridyl cuprate reagents to conduct 

1,4-addition reactions. The 1,4-addition of 3-methyl-2-pyridyl cuprates to 

enones, enoates and unsaturated nitriles have been shown for the first time to be 

synthetically useful, obtaining the 1,4-addition products in good yields. This 

methodology has enabled an expedient, highly diastereo- and enantioselective 

synthesis of (-)-evoninic acid, using a lipase mediated hydrolytic kinetic resolution 

step (ester 139s ?  acid 154) to control the absolute stereochemistry. Ester 
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5

2.602.803.003.203.40

7.007.207.407.607.808.008.208.40

N
O

O

 

(±)-syn-2-Methyl-3-pyridin-2-yl butyric acid methyl ester (136a) and 

(±)-anti-2-methyl-3-pyridin-2-yl butyric acid methyl ester (136b) 

N
O

O

C11H15NO2
Exact Mass: 193.11
Mol. Wt.: 193.24

C, 68.37; H, 7.82; N, 7.25; O, 16.56

N
O

O

 
To a solution of 2-bromopyridine (1.74 g, 11.0 mmol) in Et2O (20 mL) at -78 oC 

was added a solution of BuLi (1.74 M in hexanes, 6.3 mL, 11.0 mmol) and the 

resulting deep-red solution was stirred for 30 min before cannulation into a 

solution of copper(I) iodide (1.05 g, 5.5 mmol) in dibutylsulfide (1.9 mL, 11.0 

mmol) and Et2O (15 mL) at 0 oC. The resulting dark solution was stirred for 15 

min at room temperature before addition of methyl tiglate (2.3 mL, 22.0 mmol). 

After stirring for 1 h at room temperature saturated aqueous ammonia (5 mL) 

was added and the phases separated. The aqueous layer was extracted with Et2O 

(3 × 50 mL). The organic extracts were combined and extracted with aqueous 

HCl (2 × 100 mL, 2M). The combined aqueous extracts were made basic by 

addition of saturated aqueous ammonia and re-extracted with Et2O (3 × 100 mL). 

The combined organic extracts were washed with brine (100 mL), dried over 

MgSO4 and concentrated in vacuo to give a pale yellow oil. Purification by 

distillation (201-205 oC/0-5 mmHg), then FC (Et2O/CHCl3, 1:3) afforded esters 











































































Chapter 6                                                                                                                               Experimental 

 
 
 

166 

(30 mL, dried over MgSO4 and concentrated in vacuo to give a colourless oil. 

Purification by FC (EtOAc/hexane, 1:9) afforded esters 139s and 139a (4 mg, 

14%, dr 63:37, 139s:139a by 1H NMR) as a colourless oil. Spectroscopic data as 

above. 

 

Method 3: A solution of LDA was prepared by the dropwise addition of a solution 

of n-BuLi (2.5 M in hexanes, 828 µL, 2.1 mmol) to a solution of i-Pr2NH (290 µL, 

2.1 mmol) in THF (2 mL) at –78 oC followed by warming to 0 oC for 1 h. This 

solution was cooled to –78 oC and a solution of ester 138 (400 mg, 2.1 mmol) in 

THF (1 mL) was added dropwise. The reaction mixture was stirred at -78 oC for 1 

h, warmed to –50 oC and a solution of MeI (129 µL, 2.1 mmol) in THF (10 µL) 

was added dropwise. The reaction mixture was allowed to warm to room 

temperature over a period of 1 h before addition of saturated aqueous NH4Cl (1 

mL). The resulting mixture was diluted with H2O (5 mL) and extracted with Et2O 

(3 × 10 mL). The combined organic extracts were washed with brine (20 mL), 

dried over MgSO4 and concentrated in vacuo to give a colourless oil. Purification 

by FC (EtOAc/hexane, 1:9) afforded esters 139s and 139a (420 mg, 98%, dr 

40:60, 139s:139a by 1H NMR) as a colourless oil. Spectroscopic data as above. 

012345678910
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3.053.103.153.203.253.303.35
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Method 2: To a solution of 4-iodopyridine 99 (300 mg, 1.5 mmol) in Et2O (12.5 

mL) at -78 oC was added a solution of BuLi (2.5 M in hexanes, 584 µL, 1.5 mmol) 

and the resulting deep-red solution was stirred for 30 min before cannulation into 

a solution of copper(I) iodide (105 mg, 0.7 mmol) in dibutylsulfide (255 µL, 1.5 

mmol) and Et2O (15 mL) at 0 oC. The resulting dark solution was stirred for 15 

min at room temperature before addition of 3-penten-2-one (142 µL, 1.5 mmol). 

After stirring for 1 h at room temperature saturated aqueous ammonia (2 mL) 

was added and the phases separated. The aqueous layer was extracted with Et2O 

(3 × 30 mL). The organic extracts were combined and extracted with aqueous 

HCl (2 × 30 mL, 2 M). The combined aqueous extracts were made basic by 

addition of saturated aqueous ammonia and re-extracted with Et2O (3 × 30 mL). 

The combined organic extracts were washed with brine (50 mL), dried over 

MgSO4 and concentrated in vacuo to give a pale yellow oil. Purification by FC 

(EtOAc) afforded ketone 166 (102 mg, 86%) as a colourless oil. Spectroscopic 

data as above. 
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7 Appendices 
 
 Appendix 1: Purification of Solvents. 

All solvents were distilled before use. Petrol refers to the fraction of light 
petroleum-ether boiling between 40-60°C. Anhydrous solvents and reagents were 
obtained as follows: 

 CH2Cl2 distilled from CaH2 under argon immediately prior to use. 

 DME stirred over CaH2 under argon for 24 h, distilled under a reduced 
pressure of argon, and stored over molecular sieves (4Å) under 
argon. 

 DMF stirred over CaH2 under argon for 24 h, filtered, and distilled under 
a reduced pressure of argon from grade 1 (basic) alumina and 
stored over molecular sieves (4Å) under argon. 

 Et2O distilled from sodium/benzophenone ketyl under argon immediately 
prior to use. 

 EtOH distilled from magnesium ethoxide and stored under argon. 

 HMPA stirred over CaH2 under argon for 24 h, distilled under reduced 
pressure, and stored over molecular sieves (4Å) under argon. 

 MeOH distilled from magnesium methoxide and stored under argon. 

 Pyridine  distilled from calcium hydride and stored under argon. 

 THF distilled from sodium/benzophenone ketyl under argon immediately 
prior to use. 

 Toluene  stirred over CaH2 under argon for 24 h, distilled under a reduced 
pressure of argon, and stored over molecular sieves (4Å) under 
argon. 

Dioxane distilled from sodium/benzophenone ketyl under argon immediately 
prior to use. 

 
Appendix 2: Purification of Reagents. 

 All chemicals were handled in accordance with COSHH regulations. All reagents 
were used as commercially supplied unless specified otherwise below: 

 n-Butyl lithium 

Solutions of butyl lithium were used as supplied by Acros and titrated with 
diphenylacetic acid immediately prior to use 

 sec-Buthyl lithium 

Solutions of butyl lithium were used as supplied by Acros and titrated with 
diphenylacetic acid immediately prior to use 

tert-Butyl Lithium 

Solutions of butyl lithium were used as supplied by Acros and titrated with 
diphenylacetic acid immediately prior to use 
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